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SUMMARY 
 
On a worldwide scale, lighting accounts for 20% to 50% of buildingsʼ energy balance 
and 19% of the global electricity consumption, and therefore represents a key driver for 
energy efficiency efforts in different countries. Among the various strategies developed 
to foster efficient lighting, daylight harvesting, i.e. the deployment of controls to dim 
artificial  lights  when  daylight  is  available  in  building  spaces,  has  shown  dramatic 
energy  savings  potential.  The  inherent  complexity  of  daylighting,  though,  requires 
careful design strategies to account for its interactions with HVAC loads and occupantsʼ 
comfort, which ultimately require simulations- and measurements-based approaches. 
This thesis work focuses on dynamic daylighting devices, i.e. electrochromic windows 
and louvered skylights, assessing their impact on overall building energy savings and 
occupantsʼ  visual  comfort  through  advanced  modeling  techniques  based  on 
EnergyPlus  and  Radiance  simulation  engines.  A  parametric  analysis  serves  as  the 
basis for the creation of a linear model capable of predicting the impact of daylight 
harvesting solutions on lighting and cooling loads as function of a limited set of initial 
conditions. 
A new measurement systems developed at the University of California Davis California 
Lighting  Technology  Center  is  described,  which  characterizes  the  visible  light 
transmittance  of  skylights  at  different  angles  with  an  integrating  sphere-based 
approach. 
Wireless Sensor Networks can expand daylight harvesting diffusion by enhancing the 
system ease of deployment and flexibility. In this framework, a key role is played by the 
possibility of having a “deploy and forget” network, in which the energy necessary to 
supply  power  to  the  sensor  platforms  is  harvested  from  the  environment.  For  the 
purpose, an indoor light energy harvesting system is designed and built with only off-
the-shelf  components,  capable  of  supplying  power  to  a  daylight  harvesting  sensor 
network for several days in darkness. 
    
10 
    
11 
INTRODUCTION 
 
The present work deals with energy efficiency in lighting with a particular focus on 
daylight harvesting optimization and Wireless Sensor Networks. The work has been 
written  during  the  authorʼs  permanence  at  the  University  of  California,  first  at  the 
Berkeley campus in the framework of an academic exchange agreement (Chapter 5), 
and successively at the Davis campus as a visiting scholar at the California Lighting 
Technology Center (Chapters 3 and 4). 
Chapter 1 outlines the impact of lighting on the world global energy consumption, with 
a particular focus on Italian and European situation in comparison to California and the 
United  States.  Attention  is  given  to  regulations,  policies  and  strategies  recently 
developed in the two aforementioned countries to foster energy efficiency in lighting, 
and to their results. 
Chapter 2 introduces different approaches to achieve lighting efficiency, mainly divided 
into  lamps  replacement  and  lighting  controls,  and  compares  them  based  on  their 
savings potential. An introduction to the complexity of daylight harvesting is given by 
preliminary  considerations  on  the  impact  of  lighting  energy  efficiency  measures  on 
HVAC loads. At the end of the chapter, the analysis of a lighting retrofit case study 
serves as starting point for a reflection on the role played by initial conditions on energy 
efficiency measures impact. A new evaluation method is proposed, which summarizes 
some key parameters into a new metric able to express  energy savings in a more 
consistent way. 
Chapter 3 delves into daylight harvesting, i.e. the deployment of lighting controls to dim 
artificial lights when daylight is available, highlighting its savings potential and main 
components, with a focus on daylighting devices such as windows and skylights. A 
presentation of shading controls and dynamic fenestration systems, able to modulate 
light and heat transmittance into building spaces, introduces the need for a simulation-
based approach to daylighting. A modeling toolbox is proposed by selecting the best 
available tools to assess and optimize daylight harvesting for visual comfort and energy 
efficiency. At the end of the chapter, a theoretical and simulation-validated parametric 
analysis serves as basis for the creation of a linear model capable of predicting the 
impact of daylight harvesting solutions on lighting and cooling loads as function of a 
limited set of initial conditions. 
Chapter 4 utilizes the aforementioned modeling toolbox to assess the impact of best 
practice daylight harvesting solutions, i.e. combination of lighting controls and dynamic  
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fenestration  systems  such  as  louvered  skylights  and  electrochromic  windows,  on 
buildings energy performance and occupantsʼ visual comfort in different US climates. 
Energy modeling is performed in EnergyPlus with varying levels of model complexity 
and  realism,  culminating  in  control  systems  simulation  on  validated  models  as  an 
approximation of real commercial buildings applications. On the same models, a glare 
analysis  is  performed  with  Radiance  to  evaluate  the  impact  of  these  solutions  on 
occupantsʼ visual comfort. In conclusion, a new measurement systems developed at 
the University of California Davis California Lighting Technology Center is described, 
which characterizes the visible light transmittance of skylights at different angles with 
an  integrating  sphere-based  approach:  first  measurement  results  are  reported  to 
evaluate the method feasibility for widespread application. 
Chapter 5 is dedicated to daylight harvesting applications based on Wireless Sensor 
Networks (WSNs): after a presentation of the advantages and characteristics of WSNs, 
the dissertation focuses on “deploy and forget” solutions in which the energy necessary 
to supply power to the sensor platforms is harvested from the environment. After a vast 
literature analysis, an indoor light energy harvesting system is designed and built with 
only off-the-shelf components, capable to supply power to a daylight harvesting sensor 
network for several days in darkness. The device was designed and constructed in 
collaboration  with  the  University  of  California  Berkeley  Energy  and  Sustainable 
Technologies (BEST) Laboratory. 
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CHAPTER 1 
Energy and lighting: impact and regulations 
 
On  a  worldwide  scale  lighting  accounts  for  20%  to  50%  of  buildings  energy 
consumption [1], depending on particular sites and applications, with highest peaks of 
impact  measured  in  commercial  and  office  building  environments.  In  the  last  years 
there has been an increasing effort in addressing this issue, due to the large potential 
of  energy  and  cost  savings  (up  to  60-80%  from  “business  as  usual”),  which  are 
relatively easily achievable. Thus, lighting energy efficiency is nowadays among the top 
priorities  for  different  countries  and  local  authorities,  both  for  exterior  and  interior 
lighting,  both  in  public  and  private  environments.  The  following  paragraphs  aim  to 
analyze  the  present  impact  of  lighting  on  energy  consumption  and  the  state  of  the 
regulations  addressing  it,  with  a  particular  focus  on  the  US  State  of  California  and 
Italian situations. 
1.1.Lighting impact on energy consumption 
As shown in Figure 1.1, in 2008 the United States alone accounted for 20% of the 
world total primary energy consumption, while Europe had a 16% share. US buildings 
consumed  40%  of  the  country  total,  with  an  almost  even  distribution  between  the 
residential and commercial sectors. Considering the statistics on the average impact of 
lighting on buildings energy balance, it can be estimated that lighting in US buildings 
alone  drains  about  7%  of  the  country  and  1.5%  of  the  world  primary  energy 
consumption, which in the year 2008 was 518 EJ [1 EJ = 10
18 J] [2]. 
 
 
Figure 1.1 - World primary energy consumption breakdown, with detail on US situation (year 2008) 
[2] 
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As shown in Figure 1.2, looking at the great picture from IEA 2006 report, it emerges 
that lighting accounts for 2.3% of the world primary energy consumption, having a 19% 
share  on  the  global  electricity  consumption  [3].  Almost  half  of  the  global  lighting 
electricity (48%) is consumed by the service sector, and the rest is distributed between 
the residential sector (28%), industrial sector (16%), and street and other lighting (8%) 
[4]. 
 
  
Figure 1.2 – Lighting impact on global electricity consumption [4] 
 
1.1.1.Lighting impact on California energy consumption 
California, with a 37 millions people population, is the most populated State in the US 
and  its  Energy  Commission  has  been,  in  the  last  years,  one  of  the  most  active  in 
fostering research on energy efficiency. California was ranked 47
th out of 50 States in 
2009 EIA (U.S. Energy Information Administration) total energy consumption per capita 
rating with a total energy consumption of 8.42 EJ in the same year, which led to a 
consumption per capita of 228 GJ/year [5]. In the State Energy Efficiency Plan, last 
updated in January 2011, the goal established for lighting is a 60% to 80% reduction in 
energy consumption by 2020 [6]. Analysis of 2008 data presented in the plan itself and 
shown  in  Figure  1.3  and  Figure  1.4  demonstrates  that  the  impact  of  lighting  on 
electricity  consumption  has  been  22%  for  the  residential  sector  and  35%  for  the 
commercial one. In terms of total energy usage, a 2009 DOE report shows a 25% 
lighting impact on the US commercial sector [4], versus a 12% in the residential one, as 
clearly highlighted by the two Figure 1.5 charts. 
 
88% 
Lighting 
19% 
 
81% 
Electricity 
12% 
Lighting and world primary energy 
consumption  
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Figure 1.3 – Lighting impact on electricity consumption in California, residential 
 
 
Figure 1.4 - Lighting impact on electricity consumption in California, commercial 
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Figure 1.5 – Lighting impact on residential and commercial total energy consumption in the US [4] 
 
1.1.2.Lighting impact on Italy and Europe energy consumption 
According to the latest BEN report (“Bilancio Energetico Nazionale”), in the year 2010 
Italy consumed 7.85 EJ of primary energy, with 35% of the end-use energy dedicated 
to  householdʼs  usage  [7].  With  a  60.7  million  population,  its  per  capita  energy 
consumption is 129 GJ/year, 43% lower than California. European Union data, which 
are showing an average consumption per capita which is about 56% lower than US 
level, outline a 40% share of energy consumption attributable to buildings [8]. Table 1.1 
illustrates a breakdown comparison of European and US energy consumption updated 
to the latest available data, which let emerge a substantial difference in the absolute 
values that risks to be lost when comparing impacts in relative terms. 
 
   California  USA  Italy  Europe 
Energy consumption [EJ]  8.42  103  7.85  73.40 
Population  [10
6 people]  37  308.3  60.7  501 
Cons. per capita [GJ/person]  228  334  129  147 
 
Table 1.1 – Per capita primary energy consumption, year 2010 data 
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A 2007 European Commission study on lighting energy consumption in the member 
States  came  up  with  the  conclusion  that  lighting  as  share  of  the  total  residential 
building electricity consumption ranges from 8% to 23%, with an average EU-27 value 
of 13% and 12% for Italy, significantly lower than the values emerged by studies on the 
US energy consumption presented before. For commercial buildings the values are 
higher  and  reach  on  average  a  14%  share  for  EU-27  buildings  primary  energy 
consumption [9]. As an interesting comparison with Figure 1.5, Figure 1.6 presents the 
same building energy consumption breakdown for the European case. 
 
 
Figure 1.6 - Lighting impact on residential and commercial total energy consumption in Europe 
(lighting in residential sector includes appliances as well) [4] 
 
The European Commission 2007 report cited above shows as well how the highest 
relative impact of lighting on consumption is reached in office buildings, where about 
50% of the total electricity is drained by lighting, compared to 20-30% in hospitals, 15% 
in factories, 10-15% in schools and 10% in residential buildings. Office spaces are, in 
fact, one of the most interesting targets for energy efficiency installations and retrofits, 
and some case studies will be taken into consideration in the present work. 
1.1.3.Average household lighting consumption 
As stated in the first lines of this paragraph, residential lighting accounts for about one 
third of the overall lighting energy consumption, and was estimated to be about 3 EJ in 
2005 [4]. An interesting analysis for the purpose of this study is to compare the average 
absolute  values  of  households  average  lighting  energy  consumption  in  different 
countries worldwide, i.e. how the previously mentioned amount of energy is distributed 
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in households around the world. Figure 1.7 shows a comparison between some of the 
main countries based on average residential lighting energy consumption. 
 
 
Figure 1.7 – Average household lighting energy consumption in different countries [4] 
 
The  analysis  shows  a  relative  equilibrium  in  the  main  European  countries,  and  let 
emerge again an extremely high value for the US and Japan cases, in line with what 
was represented by the data reported in the previous pages. 
1.1.4.Lighting impact on the environment 
The environmental impacts of lighting mainly originate from:  
-  Energy consumption of lighting;  
-  Material used to produce lighting equipment;  
-  Disposal of used equipment.  
Emissions during the production of electricity and also as a result of the burning of fuel 
in vehicle lighting and in fuel-based lighting are responsible for most of the lighting 
related greenhouse gas emissions. Hazardous materials (e.g. lead, mercury, etc.) used 
in the lamps and ballasts, if not disposed properly, can cause harmful impacts on the 
environment. Lighting also affects the environment due to wastefully escaped light into 
the night sky, a phenomenon known as light pollution. 
The  environmental  impacts  of  electric  lighting  depend  on  the  electricity  generation 
method. Thermal power generation system has the highest impact on the environment 
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due  to  combustion  of  fossil  fuels,  gas  emissions,  solid  waste  production,  water 
consumption,  and  thermal  pollution.  Electricity  generated  from  renewable  energy 
sources has the lowest effect on the environment. Lighting is one of the biggest causes 
of  energy-related  greenhouse  gas  emissions:  the  total  lighting-related  CO2  global 
emissions were estimated to be 1900 million tons (Mt) in 2005, which was about 7% of 
the total global CO2 emissions from the consumption and flaring of fossil fuels [3]. 
Although not central for the purposes of the present work, a note has to be made on 
the importance of holistic approaches based on LCA (Life Cycle Analysis) tools for the 
evaluation  of  lighting  energy  consumption.  According  to  the  European  Lamp 
Companies Federation LCA analysis light bulbs consume about 90% of their energy 
during their “operation” time.  
Nonetheless, especially when it comes to retrofits applications, more attention should 
be  given  to  this  aspect,  since  this  category  of  measures  often  requires  quite  a 
consistent amount of hardware production and transportation. 
1.2.Lighting policies: regulations and strategies 
The purpose of the present paragraph is to analyze the main regulations, short and 
long-term strategies that US and European political institutions have adopted in order 
to  face  the  energy  efficiency  challenges  required  by  the  contingent  financial  and 
environmental situations. 
On a worldwide scale, the major organization in charge of providing guidelines about 
lighting  standards,  design  recommendations  and  reports  is  the  Commission 
Internationale de lʼEclairage (CIE). Another important organization, which is particularly 
strong in the US, is the Illuminating Engineering Society of North America (IESNA), 
whose publications are characterized by some substantial differences from the CIE 
ones.  The  guidelines  given  by  these  institutions  (e.g.  minimum  illuminance  levels, 
design  procedures,  luminance  ratios,  glare  ratings,…)  are  then  translated  into 
regulations by the different legislation authorities. 
Considered their share of global lighting energy consumption, the main focus will be on 
the US and European policies, with special attention to the two representative locations 
analyzed in the present work, the US State of California and the Italian cases. 
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1.2.1.US and California energy and lighting policy 
Buildings are the biggest user of energy consumption in the US, and at national levels 
mainly three Actions have building related programs: 
•  Energy  Policy  Act  (EPAct,  2005):  covering  new  buildings  and  old  buildings 
retrofit, including renewable energy generation and products labeling; 
•  Energy  Independence  and  Security  Act  (EISA,  2007):  energy  standards  for 
appliances,  equipment,  lighting  and  the  zero-net  energy  commercial  building 
initiative; 
•  American Recovery and Reinvestment Act (ARRA, 2009): invests to improve 
energy  efficiency  of  Federal  buildings,  schools,  hospitals,  and  low-income 
houses using existing cost-effective technologies. 
The single US States have authority in implementing their own codes and regulations: 
in California, for example, the Warren-Alquist Act is the legislation that created and 
gives statutory authority to the California Energy Commission, designating it as the 
State's  primary  agency  for  energy  policy  and  planning.  The  regulations  that  most 
directly influence lighting can be found in the Part 6 of the Title 24 code, the “Energy 
Efficiency  Standard  for  residential  and  non-residential  buildings”,  first  introduced  in 
1978 and last updated in 2008, with application from January 1
st, 2010 [10]. 
The Title 24 code has the goal to pursue California efforts in energy efficiency and 
comply with two other critical regulations that are interconnected with it: the “Global 
Warming Solutions Act” (2006), which mandates that California reduces its greenhouse 
gas emissions to 1990 levels by 2020, and the AB 1109 (2007), the so-called “Huffman 
Bill”,  which  tasks  the  California  Energy  Commission  with  reducing  lighting  energy 
usage in indoor residences and state facilities by no less than 50% by 2018, as well as 
requiring a 25% reduction in commercial facilities by that same date.  
Title 24 basically allows two approaches towards energy efficiency: 
•  Usage of high efficacy luminaires; 
•  Usage of lower efficacy luminaires if paired with lighting controls; 
Where “efficacy”, measured in lm/W, is a measure of how much light is produced by a 
lamp or lighting system per unit of electrical power consumed.  
The  California  Lighting  Technology  Center  (CLTC)  at  University  of  California  Davis 
developed a lighting guide in accordance with these new standards. Taken from this 
guide, Table 1.2 illustrates the main points of the code for different indoor environments 
[11]. 
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Kitchen  > 50% of installed wattage must be high efficacy 
Bathroom, garage, laundry 
room, utility room, closets 
• High efficacy or 
• Manual-on occupancy sensor 
All other interior rooms 
• High efficacy or 
• Manual-on occupancy sensor or 
• Dimmer 
Outdoor Lighting 
• High efficacy or 
• Low efficacy controlled by a manual on/off switch 
and both motion sensor without bypass switch 
and one of the following: integral photocontrol, 
astronomical time clock, energy management 
control system 
Residential Parking 
•  Lots  for  <  7  cars  must  comply  with  Outdoor 
Lighting requirements; 
• Garages for < 7 cars must comply with Garage 
requirements; 
• Lots and garages for more than 7 vehicles must 
comply with Nonresidential Lighting Standards 
Common Areas  High efficacy or occupancy sensor 
 
Table 1.2 – California Title 24 standards by area [11] 
 
On a strategy level, California in 2008 released its long-term Energy Efficiency Plan 
(last  updated  in  January  2011),  which  envisions  a  60%-80%  reduction  in  lighting 
energy consumption by 2020, with “big bold” energy efficiency goals of having all new 
residential  constructions  in  California  “zero  net  energy”  by  2020  and  all  new 
commercial constructions in California “zero net energy” by 2030 [6]. 
These long-term strategies are translated into three-years action plans. For example, in 
the lighting chapter, the following strategies are implemented in the years 2010-2012 to 
start reaching these ambitious goals: 
1.  Match  state  laws,  policy  and  regulations  with  utility  energy  efficiency 
program priorities and statewide lighting goals; 
2.  Identify best practices to ensure use of high-performance lighting systems; 
3.  Educate Californians to equate quality of light with quality of life. 
A revision of the three years action plan, assessed on June 30
th, 2011, highlighted that 
the implementation of the defined actions had only made a 3% progress at that date. 
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1.2.2.European and Italian energy and lighting policies 
First launched in March 2007, and adopted by the European Parliament in 2008, the 
European plan on climate change includes a series of goals to be reached, which are 
known as the “20-20-20” targets: by 2020, reduce by 20% the emissions of greenhouse 
gases, increase by 20% energy efficiency and reach 20% of renewables in total energy 
consumption in the EU. 
As underlined in the previous pages, with 15000 km
2 households and 6000 km
2 office 
areas, buildings are responsible for 40% of total European energy consumption and 
36%  of  the  total  CO2  emissions,  and  are  therefore  central  in  pursuing  these 
achievements. 
There are several European Union directives which affect buildings energy efficiency 
and lighting regulations, the most important of which are: 
•  EuP  (Energy-using  Products  Directive,  2005,  recast  2009):  this  EU  directive 
promotes environmentally conscious product design (“ecodesign”) and contributes 
to  sustainable  development  by  increasing  energy  efficiency  and  the  level  of 
environmental  protection.  In  practice,  it  gives  a  framework  to  be  followed  for 
creating  and  implementing  regulations  affecting  different  categories  of  energy 
related products. Lighting products have been selected as a priority group, and two 
regulations have been born from these directives: Regulation 244/2009 for non-
directional household lamps and regulation 245/2009 for fluorescent lamps without 
integrated  ballast,  for  high  intensity  discharge  lamps,  and  for  their  ballasts  and 
luminaires.  These  regulations  are,  in  practice,  responsible  for  banning  energy 
inefficient products, as itʼs happening in the recent years with the phasing-out of the 
incandescent light bulbs; 
•  Ballast Directive (EC 2000): The purpose of the directive is to achieve cost-effective 
energy savings in fluorescent lighting, which would not otherwise be achieved with 
other measures; 
•  EPBD,  Energy  Performance  of  Buildings  Directive  (EC  2002,  recast  2010):  the 
Europe Energy Performance of Buildings Directive (EPBD) offers holistic approach 
towards more energy efficient buildings. The four main points of this directive are:  
1.  A common methodology for calculating the integrated energy performance of 
buildings; 
2.  Minimum standards on the energy performance of new buildings and existing 
buildings that are subject to major renovation;   
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3.  Systems for the energy certification of new and existing buildings and, for public 
buildings, prominent display of this certification and other relevant information. 
Certificates must be less than five years old;  
4.  Regular inspection of boilers and central air-conditioning systems in buildings 
and in addition an assessment of heating installations. 
The 2010 recast of this regulation sets these two ambitious goals: by 31 December 
2020, all new buildings are nearly zero-energy buildings, and after 31 December 2018, 
new  buildings  occupied  and  owned  by  public  authorities  are  nearly  zero-energy 
buildings (Article 9). 
•  ESD, Energy Services Directive (EC 2006): the Directive applies to providers of 
energy efficiency improvement measures, energy distributors, distribution system 
operators  and  retail  energy  sales  companies,  as  well  as  final  customers.  It 
indicated a 9% energy savings target between 2008 and 2016, which has to be 
outlined by every member State by its internal energy policy action plan; 
•  EEL, Energy Efficiency Label (EC 1998): Directive 98/11/EC sets the requirements 
for energy label for household lamps. In practice, only incandescent and compact 
fluorescent lamps are included, all other light sources are excluded. 
While other directives refer to the disposal of light bulbs and other products refer to 
lighting, dedicated legislation on lighting design is still unavailable, although requested 
by various stakeholders. In January 2011 Dietmar Zembrot, on behalf of the two major 
European lighting industries associations, The Federation of National Manufacturers 
Associations  for  Luminaires  and  Electrotechnical  Components  for  Luminaires  in  the 
European  Union  (CELMA)  and  the  European  Lamp  Companies  Federation  (ELC), 
claimed for the necessity of a new EU-wide Lighting System Legislation (LSL) to help 
the European Union  achieving its “20-20-20” Energy Efficiency targets as well as to 
improve  the  quality  of  light  [12].  Based  on  the  lighting  industry  calculations,  the 
“ecodesign” regulations, as the 245/2009, being focused only on establishing minimum 
requirements for luminaires in the tertiary sector, can lead to maximum savings in the 
order of magnitude of 15%-20% in 2030-2050, while a LSL holistic approach, leading to 
well designed, installed and operating systems, has the potential of leading to 40% 
savings in the same time-frame, through a system design approach and through major 
deployment  of  daylighting  and  lighting  controls  solutions,  whose  level  of  market 
penetration is still consistently low in the European countries. 
The Italian legislation is directly connected to the European directives, which usually 
define an available timeframe for the member States to transform them into laws and  
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regulations. The “ecodesign” directives were first applied in Italy in 2007, and the ones 
which are now enforced are collected in the “D. Lgs. 16-02-2011 n.15”, while the EPBD 
regulations, last updated in 2010, havenʼt been completely implemented yet, and the 
legislation still enforced is collected in the D.Lgs. “19-08-2005 n. 192”. In the 2010 
report  on  the  new  directives  implementation  status,  lighting  isnʼt  included  in  the 
performance parameters for buildings energy assessment and itʼs merely mentioned as 
one of the required future developments for the law implementation itself [13]. 
At the present moment, in Italy lighting isnʼt regulated by any law at national level, and 
no  lighting  design  calculation  is  required  in  terms  of  building  certifications,  unless 
established  by  legislation  at  regional  level.  In  2004  the  EN  12464  regulation  was 
implemented, which defined illuminance levels for different tasks and applications.  
1.2.3.Energy programs examples 
Worldwide different energy efficiency based programs have been developed in the last 
years with different features and success. 
Probably the most famous one is the Energy Star program, which was initiated in the 
US but has now spread globally: it works with manufacturers, national and regional 
retailers, state and local governments, and utilities to establish energy efficiency criteria, 
label  products,  and  promote  the  manufacture  and  use  of  Energy  Star  products, 
including clothes washers, refrigerators/freezers, dishwashers, room air-conditioners, 
windows, doors and skylights, residential water heaters, compact fluorescent lamps, 
and solid state lighting luminaires. In 2006 the Energy Star program lowered the total 
energy consumption of the year by almost 5%. 
For light bulbs and luminaries, to qualify for the Energy Star program products should 
have a minimum level of lighting luminous efficacy, measured in lm/W; besides this, a 
set of information is provided in order to give a simple and detailed overview of light 
sources properties.  
For other programs, the “Top Runner” should be mentioned, created in Japan as a 
countermeasure for the increase of energy consumption on residential, commercial and 
transportation  sectors.  With  fluorescent  lamps,  fiscal  year  target  was  fulfilled  in  FY 
2005, when the total luminous efficacy (lm/W) was improved by approximately 35.7% 
from FY 1997. 
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CHAPTER 2 
Lighting energy efficiency strategies assessment 
 
The  present  chapter  has  the  aim  of  assessing  the  different  strategies  that  can  be 
adopted  for  energy  efficiency  in  lighting,  evaluating  them  based  on  their  impact  on 
lighting electricity consumption. This theme has been widely treated in literature, but 
nonetheless  an  updated  assessment  of  the  reported  results  is  fundamental  to  the 
purpose of the present thesis work, together with an analysis of relevant case studies. 
There are mainly two levels of distinction that can be made when evaluating these 
strategies, the first based on the building type, the second on the approach itself. While 
on  the  building  typology  side  itʼs  necessary  to  make  a  distinction  between  new 
buildings design and old building retrofits, on the approach side there can be a focus 
on lighting sources technology (e.g. light bulbs replacement) or on lighting controls (e.g. 
occupancy sensing). The latter distinction, base of the first two paragraphs dissertation, 
remains  valid  under  the  reasonable  assumption  that  when  the  two  strategies  are 
deployed simultaneously the effects on energy savings expressed in percentage value 
add by this rule: if one approach alone gives X % saving and another one alone gives 
Y % saving (with 0 < X < 100, 0 < Y < 100), the percentage saving of the two combined 
approaches will be (X + Y – XY) %. 
Although often strictly connected to lighting controls, daylighting, and in particular the 
harvesting of natural daylight to reduce artificial lighting energy consumption, will be 
treated  separately  and  more  in  depth  in  the  following  chapters,  being  of  central 
importance for the present dissertation.  
The  final  paragraphs  and  considerations  cover  the  impact  of  lighting  on  Heating, 
Ventilation and Air Conditioning systems (HVAC), which will be prominent in daylight 
harvesting  analysis,  and  the  sometimes  neglected  importance  of  taking  into 
consideration initial conditions when comparing different energy efficiency retrofitting 
implementations,  i.e.  how  the  success  in  relative  terms  of  undertaken  measures 
depends strongly on the high inefficiency of the previously present system. 
2.1.Light bulbs replacement 
Light bulbs replacement, which normally falls under the old buildings retrofitting case, 
refers  to  the  practice  of  substituting  old  light  bulbs  with  newer  and  more  efficient 
technologies.  In  order  to  analyze  the  savings  potential  of  these  energy  saving  
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measures  itʼs  necessary  first  to  define  which  are  the  parameters  on  which  the 
comparison itself is based. 
2.1.1.Light bulbs evaluation parameters 
Although  there  are  many  parameters  which  can  be  taken  into  consideration  when 
evaluating the quantity and quality of light emitted by a lamp, in the present work four of 
them will be considered for comparison: 
•  Luminous efficacy [lm/W]: the measure most strictly bound to energy efficiency, 
itʼs an index indicating the ratio between the luminous flux (lumen) emitted by a 
light source and the power it drains (in watt); 
•  Lifetime [hours]: parameter that becomes crucial when financial evaluations of 
light bulbs are performed; 
•  Color Rendering Index (CRI): expressed in a 0-100 scale, itʼs a quantitative 
measure  of  the  ability  of  a  light  source  to  reproduce  the  colors  of  various 
objects faithfully in comparison with an ideal or natural light source; 
•  Color Temperature (K): the temperature of a black body radiator that radiates 
light of comparable hue to that of the light source. 
While the first two parameters are of central importance when evaluating the energetic 
and financial impact of light sources, the latter two affect the quality of the light emitted. 
Although the price of light bulbs was not cited since itʼs not a technical parameter and 
itʼs  subject  to  market  dynamics,  it  should  be  certainly  considered  when  assessing 
financial impact of light bulbs replacements. 
Many  other  parameters  could  be  considered  and  play  an  important  role  in  lighting 
system design, but were omitted here since not strictly related with the introductory 
scope of this paragraph dissertation. 
2.1.2.Light bulbs comparison 
The first classification which can be made within different electric light sources is based 
on their working principle, i.e. the medium used to convert electricity into light: 
•  Incandescent: light is produced by heating a filament to high temperature until it 
glows. 
•  Gas discharge: family of artificial light sources that generate light by sending an 
electrical discharge through an ionized gas, i.e. a plasma. This family includes 
fluorescent lamps and High Intensity Discharge (HID) lamps;  
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•  Solid  state  lighting:  type  of  lighting  that  uses  semiconductor  light-emitting 
diodes (LEDs), organic light-emitting diodes (OLED), or polymer light-emitting 
diodes (PLED) as sources of illumination. 
Before  entering  in  detail  about  the  different  available  light  sources,  Table  2.1 
summarizes the main properties of different light bulbs, divided into the main categories. 
 
Lighting Type 
Efficacy 
[lm/W] 
Lifetime 
[hours] 
CRI 
Color Temperature 
[K] 
Incandescent 
Standard "A" bulb  10-17  750-2.5k 
98–100 
(excellent) 
2700–2800 (warm) 
Energy-Saving 
Incandescent (Halogen) 
12-22  1k-4k 
98–100 
(excellent) 
2900–3200  (warm  to 
neutral) 
Reflector  12-19  2k-3k 
98–100 
(excellent) 
2800 (warm) 
Gas discharge - fluorescent 
Straight tube  30-110  7k-24k 
50–90 (fair 
to good) 
2700–6500  (warm  to 
cold) 
Compact  fluorescent 
lamp (CFL) 
50-70  10k 
65–88 
(good) 
2700–6500  (warm  to 
cold) 
Circline  40-50  12k       
Gas discharge – HID 
Mercury vapor  25–60  16k-24k 
50  (poor 
to fair) 
3200–7000  (warm  to 
cold) 
Metal halide  70–115  5k-20k  70 (fair)  3700 (cold) 
High-pressure sodium  50-140  16k-24k  25 (poor)  2100 (warm) 
Low-pressure sodium  60-150  12k-24k 
< 44 (very 
poor) 
 
Solid State Lighting - LEDs 
Cool White LEDs  60-92  25k-50k 
70–90 (fair 
to good) 
5000 (cold) 
Warm White LEDs  27-54  25k-50k 
70–90 (fair 
to good) 
3300 (neutral) 
Table 2.1 – Light bulbs comparison [14]  
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2.1.2.1.Incandescent light bulbs 
Incandescent lamps operate without ballasts. They light up instantly, providing a warm 
light  and  excellent  color  rendering,  with  the  possibility  of  dimming.  However, 
incandescent  lamps  have  a  low  efficacy  compared  to  other  lighting  options  (10–17 
lumens per watt) and a short average operating life (750–2500 hours). They are sub-
divided into three main types: 
•  Standard “A” bulbs: most common, and most inefficient light bulbs available, 
produce light through a tungsten filament which glows when heated by electrical 
current; 
•  Halogen lamps: with halogen gas filling and inner coating reflecting heat they 
achieve higher energy efficiency values than the standard “A” bulbs; 
•  Reflector lamps: they spread and direct light over specific areas, and are mostly 
used for floodlighting, spotlighting, and downlighting. 
 
 
Figure 2.1 – Different types of incandescent light bulbs 
 
As cited in the initial paragraph, due to their inefficiency, many countries worldwide 
have decided to phase-out traditional incandescent light bulbs: Brazil and Venezuela 
started  the  process  in  2005,  and  the  European  Union,  Switzerland,  and  Australia 
started  to  phase  them  out  in  2009.  Likewise,  other  nations  are  implementing  new 
energy standards or have scheduled phase-outs: Argentina, Russia, and Canada in 
2012, and the United States and Malaysia in 2014 [15]. 
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2.1.2.2.Fluorescent light bulbs 
Classified under the gas discharge category, fluorescent lamps are about 4 times more 
efficient  (luminous  efficacy)  than  incandescent  light  bulbs.  Light  produced  by  a 
fluorescent tube is caused by an electric current conducted through mercury and inert 
gases.  Fluorescent  lamps  require  a  ballast  (electronic  or  older  electromagnetic)  to 
regulate  operating  current  and  provide  a  high  start-up  voltage.  Special  ballasts  are 
needed  to  allow  dimming  of  fluorescent  lamps.  They  could  be  found  in  the  widely 
diffused version of tube and circline lamps (commercially known as T8 and T12), or as 
CFLs (Compact Fluorescent Lamps) which embody the energy efficiency advantages 
of fluorescent lighting in the compact and widely spread shape of incandescent light 
bulbs. 
 
 
Figure 2.2 – Fluorescent tube lamps and CFLs 
 
2.1.2.3.High-Intensity Discharge (HID) Lamps 
High-intensity discharge (HID) lamps provide the highest efficacy and longest service 
life of any lighting type. HID lamps use an electric arc to produce intense light and, like 
fluorescent lamps, they require ballasts. They also take up to ten minutes to produce 
light when first turned on, because the ballast needs time to establish the electric arc. 
In general, except for the metal halides ones, their weak point is a very poor CRI value. 
The main types of HID lamps available are: 
•  Mercury vapor lamps: the oldest HID model, mainly used for street lighting. A 
good lifetime is counterbalanced by relatively low CRI and color temperature 
values.  
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•  Metal  halide  lamps:  similar  to  mercury  vapor  lamps,  they  have  better 
parameters compared to them, except for a shorter lifetime. They are used to 
light large indoor and outdoor areas, such as sport arenas and parking lots. 
•  High-pressure sodium: this model of light bulb is becoming the more diffused 
when it comes to outdoor lighting, but their weak point is a bad CRI; 
•  Low-pressure  sodium:  this  model,  which  in  some  resources  is  not  classified 
under  the  HID  category,  is  the  one  with  the  highest  luminous  efficacy  for 
outdoor lighting. Low-pressure sodium lamps require up to ten minutes to start 
and have to cool before they can restart. Therefore, they are most suitable for 
applications where they stay on for hours at a time, and they are not suitable for 
use with motion detectors. 
 
 
 
Figure 2.3 – Different types of HID lamps  
 
2.1.2.4.Solid state lighting: LEDs 
Light emitting diodes (LEDs) are a still-under-development and extremely promising 
lighting technology, since they last longer and can achieve better light quality than any 
other  lighting  available.  They  are  completely  different  from  incandescent  and 
fluorescent  light  sources  for  various  reasons:  they  are  a  near-monochromatic, 
directional, and emit almost no heat.  
Still at research and development phase, OLED (Organic LEDs) are LEDs in which the 
emissive electroluminescent layer is a film of organic compounds which emit light in 
response to an electric current.   
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Figure 2.4 – LED schematic with components description 
2.1.3.Light bulbs usage 
In  IEA  2006  report  an  attempt  is  made  to  calculate  the  percentage  of  diffusion  of 
different light bulbs technologies in the European Union. The calculation is based on 
2004  sales  data,  estimating  energy  usage  and  market  shares  with  assumptions  on 
lamp  power,  efficacy,  lamp  life  and  burning  hours,  which  are  parameters  directly 
influencing sales data: e.g. an incandescent light bulb will have high sales due to its 
diffusion, but also due to its very short life. Figure 2.5 reports the 2004 light bulbs sales 
data,  while  Figure  2.6  the  estimated  contribution  of  the  different  light  bulbs  to  the 
overall energy consumption in the same year.  
 
 
Figure 2.5 – Light bulbs sales data with details per bulb type in EU, 2004 [4] 
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Figure 2.6 – Lighting energy consumption per lamp type in EU (estimated, 2004) [4] 
 
From the comparison of the two graphs is evident how standard incandescent light 
bulbs (GLS, General Lighting Service) and T8 fluorescent tubes had the biggest slice of 
the  lighting  market  share.  Although  there  isnʼt  an  updated sales data report, in the 
European Union incandescent bulbs share is very low at the moment of writing (March 
2012) and sales will be almost reduced to zero due to the ban that will be enforced fully 
in late 2012. 
An interesting data comes from the US  market,  where  in  January  2012  the  100  W 
incandescent  bulb  was  banned  and  where  incandescent  light  bulbs  have  still  the 
biggest pie of a market whose shares figure reminds the 2004 European situation. 
According to NEMA (National Electric Manufactures Association) 2011 report on light 
bulbs market, incandescent light bulbs sales increased by 16.4% on 2010, and 62% of 
this increase was due to the last quarter, i.e. the last three months before the ban 
enforcement. In the same year 2011, CFL sales, the main alternative to incandescent 
light bulbs, decreased in comparison to 2010, indicating a certain resistance from the 
public opinion to the ban enforcement [16].  
2.1.4. Light bulbs replacement energy savings 
To make a quick assessment of energy savings deriving from replacing light bulbs, 
data  such  as  the  ones  collected  in  Table  2.1  come  very  handy  together  with  an 
updated profile of the different light bulbs prices and data about the operating hours of 
the  luminaires  themselves.  While  for  new  buildings  the  luminous  efficacy  of  more 
efficient light bulbs can be used as a design parameter, in retrofitting applications the 
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energy savings impact in percentage corresponds to the wattage reduction brought by 
the new installed luminaire. The most common light bulbs replacement interventions 
are: 
•  Replacement of standard incandescent lamps with CFL or LEDs: up to 75%-
80% savings, with about 15 $/bulb yearly total savings; 
•  Replacement of inefficient fluorescent tubes (T12) with more efficient ones or 
LEDs: 40% energy savings with about 30 $/fixture yearly savings; 
•  Replacement of mercury vapor light bulbs and HPS with LPS or LEDs for street 
lighting: LPS can save about 40% versus HPS and more than 60% if compared 
to old mercury vapor fixtures. 
For the retrofits applications listed above, payback periods in literature can be as low 
as 0.5 years, but longer ones are at the moment associated with LEDs replacements 
due  to  high  present  cost  of  the  technology  itself.  A  complete  study  of  the  energy 
savings resulting from different applications and case studies is beyond the scope of 
the present work. 
As  stated  in  the  lines  introducing  this  chapter,  to  further  reduce  lighting  energy 
consumption, energy efficiency best practices often associates light bulbs replacement 
together with lighting controls installation, which therefore are the subject of the next 
paragraph. 
2.2.Lighting controls 
A lighting control system is a device that controls electric lights and devices in order to 
reduce  energy  consumption  and  increase  user  satisfaction.  Many  solutions  are 
available in the market nowadays, and the present dissertation, far from the goal of a 
complete  benchmarking,  aims  to  assess  which  are  the  most  common  solutions 
available and the relative savings that can be achieved by their implementations in 
buildings.  
Before  delving  into  the  different  strategies  that  can  be  adopted  to  reduce  energy 
consumption,  a  note  should  be  made  about  the  different  impact  that  their 
implementation can have depending on the type of building: the highest savings are 
usually seen in “open-plan” office buildings, which usually rely on a standard lighting 
design  approach  known  as  “general  lighting,”  where  ceiling-mounted  lights  supply 
uniform  lighting  levels  for  an  entire  office  interior.  This  approach  results  in  wasted 
energy, increased cooling costs and sub-par lighting for human performance.  
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Thus, even though “individual lighting control” isnʼt usually considered an approach to 
reduce lighting energy consumption, itʼs definitely to be accounted for, especially in the 
lighting  system  design  phase,  as  a  crucial  enabler,  i.e.  a  key  factor  which  strongly 
influences the efficacy of lighting control interventions on energy efficiency. A lighting 
retrofit intervention, which has the possibility of increasing the “granularity” (number of 
independent  zones)  of  a  lighting  system  itself,  will  achieve  the  maximum  results  in 
terms of energy efficiency and user satisfaction.  
2.2.1.Lighting control strategies 
Various lighting control strategies have been developed, based on time scheduling, 
load shedding, occupancy sensing and light level tuning. These lighting controls can be 
associated with daylight harvesting, which will be introduced here and widely treated in 
the next chapter, and in that case they usually achieve their highest savings potential. 
As  for  the  actual  implementation,  they  can  use  the  building  lighting  system 
infrastructure, usually wired, or alternatively be implemented through WSNs (Wireless 
Sensor Networks) solutions. 
2.2.1.1.Lighting controls solutions 
The main solutions for lighting controls can be subdivided into four main categories: 
•  Light level tuning: generates energy savings by reducing the electric lighting 
level away from the recommended standard according to occupantsʼ lighting 
preferences. Depending on the application and on the lighting system design 
dimming can be continuous from full power to off or low level, or discrete levels 
can be provided. This system allows occupants to choose their preferred light 
levels, so individual control is fundamental toward the efficacy of this strategy 
on total energy savings; 
•  Occupancy  sensing:  widely  implemented  in  different  lighting  systems, 
occupancy sensing turns off lights when a zone is vacated. Different sensors 
are available in the market, and recent developments have seen the usage of 
ultrasonic sensor constantly detecting presence without the risk of switching off 
lights due to occupants lack of movements (Figure 2.7); 
•  Time switching: toggles or dims the lights according to a predefined schedule, 
and  is  usually  implemented  on  building  energy  management  systems  and 
lighting automation panels. This control strategy is good for premises with fixed 
business hours such as libraries, retail stores, museums, etc. However, modern 
flexible  working  patterns  make  it  difficult  to  set  a  fixed  schedule  for 
implementing this technology in offices;  
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•  Load shedding: itʼs a strategy to reduce consumption during peak loads, which 
is  usually  implemented  in  short  times  of  the  days  and  so  doesnʼt  have  a 
substantial influence on the overall energy consumption. 
 
Figure 2.7 – Recently commercialized ultrasonic occupancy sensor 
 
2.2.1.2.Daylight harvesting 
Although usually considered as one of the possible lighting control strategies, daylight 
harvesting, referring to the practice of lighting indoor spaces through natural daylight, 
can be coupled to other systems to achieve maximum energy savings, dimming the 
light  accordingly  to  daylight  availability  measured  through  the  deployment  of 
photosensors  in  a  closed  or  open  loop  system.  A  detailed  analysis  of  daylight 
harvesting  solutions,  open  problems  and  impact  on  energy  consumption  is  left  to 
deeper consideration in the next chapters of the present work. 
2.2.1.3.Wireless Sensor Networks  
Especially when it comes to old buildings retrofit solutions, one of the highest barriers 
to energy savings happens to be the cost of the system implementation: in an open-
plan  office  with  a  “general  lighting”  design,  re-wiring  the  system  to  increase  its 
granularity and installing controls could be extremely expensive and lead to payback 
periods  too  long  to  make  the  system  economically  feasible.  In  this  cases  WSN 
(Wireless Sensor Network) solutions, first conceptualized in 1999 by researchers at 
University of California Berkeley, are interesting due to their low cost and high potential 
in terms of energy savings. A deeper analysis of these solutions will be performed in 
chapter 5, together with the description of an indoor light energy harvesting system to 
power the nodes of the WSNs. 
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2.2.2.Lighting control strategies savings potential and usage 
Table 2.2, taken from a 2008 analysis about different lighting control strategies energy 
savings  potential  and  their  market  implementation,  gives  an  overview  of  these  two 
parameters  for  the  different  systems  listed  above  [17].  Daylight  harvesting  was 
considered  as  one  of  the  possible  strategies  but,  as  previously  underlined,  its 
implementation  directly  implies  the  usage  of  light  dimming  systems.  Coherence  of 
results is anyway given by the fact that the data for the other solutions were acquired in 
applications were daylight harvesting wasnʼt implemented. 
 
Lighting 
control 
strategy 
Strategy 
definition 
Potential 
energy savings 
Adoption percentage in 
commercial offices 
New  Retrofits 
Daylight 
harvesting 
Automatically dim 
lights in response 
to increased 
daylight level 
35-40% in day-
lit areas 
11.7%  7.5% 
Light  level 
tuning 
Adjust electric light 
level according to 
occupantsʼ 
preference 
12% averaged 
over the entire 
area 
-  - 
Occupancy 
sensing 
Automatically turn 
off lights after 
space is vacated 
15-25%  61.7%  59.7% 
Time switching 
Dim lights 
according to a 
predefined 
schedule 
25% compared 
to manual 
switching 
54.3%  41.5% 
Load  shedding 
(demand 
response) 
reduce light levels 
during peak 
demand period 
N/A  -  - 
 
Table 2.2 – Lighting control strategies saving potential and market implementation [17] 
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2.3.Lighting and HVAC interactions 
When  evaluating  the  impacts  of  lighting  energy  efficiency  measures  on  buildings 
overall energy consumption, a sometimes forgotten but fundamental aspect is the inter-
related effect of lighting and HVAC (Heating, Ventilation and Air Conditioning) loads, i.e. 
the consideration of luminaires as heat emitting sources. As a matter of fact, depending 
on the luminaire type, heat production by light sources can have a relevant impact on 
heating and cooling loads, which can be positive or negative depending on the climate. 
This  interaction,  which  will  be  central  in  the  next  two  chapters  when  treating  and 
simulating  dynamic  daylighting  optimization,  is  mainly  influenced  by  two  variables: 
different luminaires heat emission and location climate. Other aspects to be considered 
are the building type and the energy sources used for lighting and HVAC system, which 
have as well strong financial implications. Detailed models, behind the scope of the 
present introduction, have been developed in literature [18]. 
2.3.1.Luminaires as heat emitting sources 
As stated before, different luminaires technologies have different efficiencies, which 
result in different amounts of energy wasted as heat [19]. Table 2.3 compares three 
light bulbs that can be considered equivalent in terms of total light emission. Assuming, 
for simplification, that all the drained power is converted into heat, is evident the strong 
impact of light bulbs choice on HVAC loads.  
 
Light bulb type  Power [W]  Efficacy [lm/W] 
Incandescent  60  13 
CFL  13-15  57 
LEDs  6-8  114 
 
Table 2.3 – Power comparison for lumen equivalent (800 lm) bulbs  
 
Incandescent  lamps  are  clearly  the  most  inefficient  in  terms  of  heat  losses  both  in 
relative both in absolute scale, mainly due to their lower luminous efficacy. Their usage 
as  a  heat  sources,  which  has  been  opposed  against  the  ban  enforcement,  needs 
anyway to be economically evaluated comparing the cost of electricity to the cost of 
other  sources  of  heating  (e.g.  natural  gas),  which  are  normally  cheaper.  When 
evaluating the impact of a lighting retrofit, the light source previously installed should 
then be taken into account as a parameter for HVAC loads assessment.   
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2.3.2.Climate and building type impact 
These  other  two  variables  can  have  a  relevant  importance  in  the  present  study 
evaluations since they have a strong impact on HVAC loads. The climate variable, 
which  is  accounted  for  by  many  numerical  energy  simulation  environments,  will  be 
taken  into  deeper  consideration  later  on  in  the  present  dissertation  but,  in  general 
terms, daylight harvesting has a positive impact on cooling loads and a negative impact 
on heating loads. Thus, it becomes fundamental to be able to estimate not only the 
relative impact of energy retrofits interventions on HVAC and lighting loads, but as well 
to know the relationship between the magnitudes of these loads compared to each 
other. For example, in a cold region where heating is much more relevant than cooling 
and lighting loads, savings on lighting could be counterbalanced or, in the worst cases, 
be overcome by increments in heating loads. 
An example of the different effect of lighting reductions is represented in Figure 2.8, 
which is taken from a 2000 paper analyzing the impact of 1 kWh reduction in lighting 
energy consumption on heating and cooling loads for US commercial buildings [20]. 
Although  the  analysis  doesn't  show  different  climates  comparison,  but  takes  the 
average values, itʼs an evident representation of the importance of taking into account 
HVAC loads when assessing lighting energy savings. 
 
 
Figure 2.8 – Impact of 1 kWh lighting energy consumption reduction on heating and cooling loads 
in US commercial buildings [20] 
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2.4.A note on energy savings evaluations 
The present chapter has mostly dealt with data and literature analysis in order to give 
an overview of the possible approaches towards lighting energy efficiency and assess 
their relative impact on the overall building energy consumption. This conclusive note 
wants  to  highlight  how  often  energy  savings  results,  if  presented  and  evaluated  in 
relative  terms  only,  can  be  misleading  when  consideration  is  neglected  about  their 
absolute values and, above all, the initial conditions of the building object of the energy 
efficiency retrofit. Thus, the first subparagraph will be dedicated to the analysis of a 
case study which can be an example of the above mentioned, while in the conclusive 
part a new method will be proposed for the evaluation of energy efficiency intervention. 
2.4.1.Energy savings evaluation: a case study 
The present case study is presented in a 2011 paper by Krioukov et al. and refers to a 
personalized lighting control system installation for the lighting retrofit of the 4
th and 7
th 
floor of Sutardja Dai Hall at University of California, Berkeley campus [21]. Since the 4
th 
floor  of  the  building  was  the  test  bed  for  the  energy  harvesting  device  whose 
development  is  described  through  the  pages  of  Chapter  5,  direct  evaluation  of  the 
retrofitting intervention was possible for a 4 months period. The 4
th floor of the building 
(Figure 2.9) is a typical open plan office with a “general lighting” system, as previously 
described, equipped with 100 T-8 fluorescent luminaires divided into 5 lighting zones 
and  providing  4  different  light  levels  (high,  low,  medium,  off),  and  with  a  time 
scheduling  approach  set  by  the  building  manager,  which  could  be  overridden  by 
occupants using some switches deployed all over the room. In May 2011, since the 
system was too complicated to use with the result of lights being almost often on at full 
power, occupants were provided with a web user interface to set their zone light level. 
After every input was entered a 3 hours countdown timer was started, which would 
eventually switch all the lights off if no other input was received during the elapsing of 
this amount of time. 
 
 
Figure 2.9 – UC Berkeley Sutardja Dai Hall 4
th floor lighting schematics  
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The system, denominated “Green millennium”, was installed in May 2011, but many 
concerns were made by occupants about its functioning as well: the unfriendliness of 
the user interface made most of them unwilling to use it, and the wide size of the zones, 
together with some technical issues, gave birth to conflicts between occupants on light 
levels  settings.  Floor  energy  consumption  data  were  released  in  November  by  the 
building manager, together with the publication of the above mentioned paper claiming 
a 47% savings with regards to the 4
th floor lighting energy consumption. 
A deep data mining was performed on the records in order to understand which were 
the  main  drivers  causing  the  huge  savings  achieved  by  the  system  installation, 
especially considering the malfunctioning issues highlighted by occupants. 
A first fact that emerged was that, as clearly outlined by the graph in Figure 2.10, about 
50% of these 47% savings were achieved during the night, while during normal office 
hours the average relative savings were about 25-30%, this meaning that a consistent 
part of the results derived from the fact that the system timed out during the night and 
lights were switched off, differently from the previous situation, when lights happened to 
be often on across the overall floor at full power despite occupancy.  
The graph in Figure 2.10 compares the average hourly energy consumption over 6 
months (expressed as percentage of the maximum value) to the percentage of average 
relative hourly savings generated by the Green millennium system. 
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Secondly, analyzing the power values at different nodes of the system, which was ruled 
by  the  Building  Management  System  protocol  BACnet,  emerged  that  a  consistent 
reduction came from the fact that the lights were only set at “High” level for half of the 
time (at “Medium” for the other half) after the system installation, while before they 
were  almost  always  set  at  “High”,  this  meaning  that  the  system  previously  was 
probably generating lighting in excess, which wasnʼt required or desired by users. 
The two points above underline how in this and in many other cases the high savings 
are, for the biggest part, result of the inefficiency of the initial conditions, and therefore 
the  risks  which  are  hidden  behind  these  relative  values  due  to  their  difficulty  of 
repeatability in a better designed or used system. 
2.4.2.A new method to evaluate lighting energy efficiency savings 
Itʼs clear from the considerations above that energy savings values, especially when 
expressed  in  relative  terms,  are  strongly  affected  by  initial  conditions.  The  savings 
values given by different technologies mentioned in the present chapter are result of 
literature analysis and direct experience, and can be therefore taken as reliable data for 
an initial assessment when approaching a lighting retrofit intervention. Nonetheless, for 
a specific situation a detailed analysis on the field of the actual situation is required, 
because averages are in this case inherently misleading: the typical example is the 
almost total inefficacy of installing occupancy sensors in an office where people are 
used to switch off the lights when they donʼt use them. The previous analysis about 
lighting  energy  consumptions  in  different  countries  and  average  household  energy 
consumption clearly underlines that different conditions and different environments lead 
to totally different results and behaviors.  
In order to be able to define a better method for comparing energy savings in different 
conditions, a first analysis has to be performed on the variables affecting the huge 
differences seen in final results. These are, with referral to the initial conditions: 
•  Type of light bulbs installed; 
•  Presence of control system; 
•  Light bulbs luminous efficacy and average illuminance provided; 
•  Lighting zoning granularity; 
•  Human behavior: occupancy schedules, energy efficiency culture. 
For the overall energy impact also effects on HVAC loads are relevant, and when it 
comes  to  economic  evaluation  electricity  cost  plays  a  fundamental  role.  These  two 
aspects are omitted here for the following reasons: the first, due to its complexity, can 
be evaluated only through building simulation, while the second depends on factors  
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which  donʼt  strictly  relate  to  energy  savings  evaluation,  which  is  the  focus  of  the 
present paragraph dissertation.  
Under the lighting energy efficiency point of view, there are basically two categories of 
solutions that can be distinguished, as discussed in the first two paragraphs: lighting 
technology (light bulbs replacement) and controls. While for the first category usually 
one solution at a time is implemented, on the control side thereʼs often a combination of 
measures concurring in the final result (e.g. daylight harvesting). 
Basically, the approach suggested aims to identify the amount of savings, which are 
due to wasted energy (lighting system oversizing and occupancy), and the amount due 
respectively  to  light  bulbs  replacement  and  controls  installations,  with  an  approach 
combining both simplicity and effectiveness. 
Usually,  in  energy  savings  reporting  practice,  the  fraction  of  energy  saved  by  the 
efficiency intervention is calculated by the following formula: 
!!"#$% ! ! !
!!
!!
 
In which Ei is the initial energy consumption and Ef is the energy consumption after the 
lighting retrofit measure, calculated over the same period of time. The resulting value, 
as illustrated above, is the resultant of different components, and to discern between 
them the following factors can be calculated: 
-  System oversizing factor, !: ratio between the average illuminance required or 
suggested by regulation and the actual illuminance measured on workplanes. 
Recommended illuminance values are available in different sources or can be 
estimated, especially when it comes to commercial buildings. Actual illuminance 
can  be  easily  measured  with  a  lux  meter.  If  different  areas  with  different 
illuminance  values  are  present,  weighted  average  is  the  solution.  In  normal 
conditions, ! < 1. 
-  Occupancy factor, ": ratio between the number of hours lights should be on 
according to average occupancy profiles per building type, which especially for 
commercial buildings can be easily produced, and hours they were actually on 
before the retrofit. " should be lower than 1, and values greater than 1 indicate 
that more attention should be given to the schedule used for the calculation. 
This way, itʼs possible to calculate 
!!" ! !! ! ! ! ! 
Where Eid is an estimate of the ideal energy that should be consumed ideally over the 
period  of  time  at  the  net  of  occupants  behavior  and  original  system  design.  This  
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estimate is of course subject to inaccuracy, but it serves a reference for evaluation, and 
the  factors  coming  into  play  can  be  easily  approximated,  especially  for  commercial 
buildings. Two important things should be noted: first of all, a value of ! > 1 indicates 
an originally undersized system, so the ideal energy is higher than the actual one, as it 
should be; this formula allows then to correctly take into account the increased size of 
the  retrofitted  system  if  necessary  to  remedy  to  previous  bad  design.  Secondly, 
" inherently includes the effect of occupancy sensors, which should be almost none in 
a building where lights are switched off when not occupied. 
From  this  ideal  energy  consumption  value  Eid  the  relative  impact  of  the  energy 
efficiency  interventions  shall  be  assessed.  Itʼs  necessary  to  distinguish  the  relative 
impact  of  light  bulbs  replacements  from  the  effect  of  the  different  control  systems 
installed. To do this, two other factors need to be calculated: 
-  Light bulbs replacement factor, #: ratio between the total power installed after 
the retrofit and the total power previously present. These values consider the 
real  system  installed,  because  the  system  oversizing  effects  if  present  are 
already accounted for by !; 
-  Controls impact factor, $: since controls are the more difficult to estimate, $ is 
calculated by difference with by the following formula. In fact, since: 
!! ! !! ! ! ! !!"#$% ! !! ! ! ! ! ! ! ! ! 
$ can be easily estimated. 
This way, knowing Ei, Ef, !, ", #, $, a better understanding could be achieved of the 
energy efficiency intervention effects breakdown. Since 
!!"#$% ! ! ! ! ! ! ! ! ! ! 
The single impact of the factors !, ", #, $, can be estimated by their complementary to 
unity, e.g. (1 - #) is the relative impact fraction of light bulbs replacement alone on 
energy consumption. As stated in the introduction, since the factors are multiplied, they 
donʼt simply add by linear superposition: to assess the relative impact of each factor on 
the total savings itʼs necessary to calculate the ratio of that factor complementary to 
unity over the sum of the other factors complementary to unity. This way, to evaluate 
which was the relative impact of light bulbs replacement on the total saved energy itʼs 
required to calculate the ratio (1 - #)/[(1 - !)+(1 - ")+(1 - #)+(1 - $)]. 
By  the  application  of  this  formula,  the  data  usually  provided  about  Esaved,  the  total 
energy savings achieved expressed in percentage terms, can be divided into 4 different 
components, where the impact of system oversizing and occupancy factors can be 
interpreted  as  previously  wasted  energy  due  to  system  oversizing  and  occupants  
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behavior,  and  the  other  two  factors  as  the  positive  impact  of  the  lighting  retrofit 
intervention at the net of the system previous conditions. 
2.4.2.1.UC Berkeley Sutardja Dai Hall case study 
The possibility of highlighting this breakdown of energy saving values relies on the 
possibility of accessing some of the buildings data or having enough knowledge about 
the building itself to be able to estimate them. In modern commercial buildings, though, 
quite often these data are monitored by building management system, and so quite 
precise data mining can be performed. As highlighted above, this is the case of UC 
Berkeley Sutardja Dai Hall, and therefore that case study will be analyzed to assess 
the validity of the proposed method. The goal is to give a broad overview of how the 
four above-mentioned factors concurred in giving the 47% (Esaved = 0.47) total savings. 
Factors calculated from the available data are: 
-   ! = 0.87, was calculated comparing the energy consumption data for March 
2011  (before  the  retrofit),  compared  with  a  schedule  which  was  created 
accordingly  to  observation  and  typical  schedules  for  similar  working 
environment: lights on full power from 9AM to 7PM every day, for one hour 
every night, and for 2 hours on Saturdays and Sundays. The schedule is meant 
to be conservative; 
-  " = 0.8, calculated by comparing measured illuminance in different areas with 
IESNA  recommended  lighting  illuminance  (400  lux  at  0.8  m  for  open  plan 
offices); measurements were taken with “high” level setting, since this was the 
one used for more than 90% of the time, while at “Medium” setting the light 
level was in line with the regulations; 
-  # = 1, light bulbs were not replaced; 
-  $ = (1 - Esaved) / (!"#) = 0.76, calculated by difference from the other factors, 
meaning a 24% impact of the controls alone on the total savings. 
Applying the formula described above, the chart in Figure 2.11 shows how the 47% 
breakdown  originates:  itʼs  evident  how  the  original  system  oversizing  and  the 
occupancy factor influenced the results, the first by the fact that the “High” level was 
providing unnecessary illuminance, the second because often lights were left on when 
no occupant was present in the room, as clearly highlighted by Figure 2.10. The “Green 
Millennium” had anyway great savings, coming from three factors: the effective usage 
of lighting levels available by users, the granularity of the system and its scheduled 
timeouts.  
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Figure 2.11 – UC Berkeley Sutardja Dai Hall 4
th floor 47% savings breakdown: relative influence of 
different factors. 
 
An interesting thing to notice is that the first two of these three causes were already 
part of the system, but no one used them because of the complexity of the switching 
commands. Due to this, itʼs correct to consider them as “Green Millennium” effects, 
since itʼs due to the creation of the web interface that occupants started to exploit these 
individual controls possibilities, while previously they just used a switch at the end of 
the room that turned on all the lights at full power. 
In  conclusion,  the  proposed  evaluation  method  is  simple,  and  doesnʼt  aim  to  be 
extremely  accurate,  but  it  demonstrates  to  give  substantial  indications  about  how 
savings are generated in different initial conditions. Even in a complex system like the 
one represented in the case study, it was possible to get to important conclusions: if 
the same solution was installed in a properly designed system where occupants turned 
off  lights  when  not  present,  its  effect  would  have  been  of  20-30%  savings.  An 
optimization  of  this  method  and  its  application  appears  to  be  a  consistent  way  of 
estimating the impact of an energy efficiency solution at the net of the most influencing 
initial conditions. 
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CHAPTER 3 
Daylight harvesting: overview, open problems 
and modeling toolbox 
 
Daylight  harvesting  is  the  term  used  for  a  control  system  that  reduces  the  use  of 
artificial  lighting  with  electric  lamps  in  building  interiors  when  natural  daylight  is 
available, in order to reduce energy consumption [22]. These control strategies have 
shown  great  potentials  for  building  energy  savings,  although  highly  dependent  on 
proper system design, which ultimately involves careful consideration of fenestration 
systems properties, shading devices and impact on HVAC loads. This chapter offers a 
general  overview  of  the  main  features  characterizing  daylight  harvesting  systems, 
describing  their  main  components,  savings  potential  and  open  problems,  with  a 
particular attention to the characterization of fenestration and shading devices. 
The aforementioned complex interaction of factors comes into play when assessing the 
savings  potential  of  a  specific  daylighting  system  claims  for  the  necessity  of  a 
simulation-based  approach.  An  introduction  is,  therefore,  offered  on  the  main 
simulation tools adopted in the present work to perform lighting and building energy 
analysis as a tool to evaluate and compare daylighting solutions.  
At the end of the chapter, a high-level theoretical sensitivity analysis validated through 
parametric  simulation  is  performed  on  the  main  variables  affecting  daylighting 
effectiveness. The goal is to define the limits within which daylight harvesting will still 
be  in  the  future  the  best  approach  to  reduce  lighting  and  building  overall  energy 
consumption. 
3.1. Daylight harvesting systems introduction 
In order to introduce what a daylight harvesting system is and its functioning principles, 
the following aspects need to be taken into consideration: 
•  System components: including daylight harvesting specific components, such 
as  photosensors  and  controls,  and  the  so-called  daylighting  devices,  i.e. 
solutions used to bring (or increase the amount of) daylighting in buildings; 
•  System design aspects and open problems; 
•  Savings potential assessment: Walmart case study. 
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3.1.1.Daylight harvesting system components 
Daylight  harvesting  properly  refers  to  a  control  system  used  to  dim  electric  lights 
according to daylighting availability, and therefore implies the usage of photosensors 
and control modules. Solutions adopted to increase daylighting availability in buildings, 
the so-called daylighting devices, can also be considered components of a daylight 
harvesting system. In most cases of daylight harvesting measures implementation only 
partial  modifications  to  the  building  fenestration  system  can  be  performed,  and 
therefore only some of the below listed solutions can be reasonably adopted. This is 
the main reason why daylighting solutions are particularly successful when taken into 
consideration starting from the early stages of building design. 
3.1.1.1.Photosensors and control logic 
Photosensors are sensors used to measure light or other electromagnetic energy forms, 
which  in  a  daylight  harvesting  system  are  usually  adopted  to  measure  illuminance 
values  in  order  to  dim  electric  lights  according  to  daylight  availability  in  controlled 
building  spaces.  Depending  on  the  control  system  design,  photosensors  interaction 
with daylight harvesting system can be classified into: 
•  Open-loop systems: the photosensor is oriented so that it senses only daylight 
and adjusts the electric light accordingly (it can be placed on the exterior of the 
building). The primary drawback of open-loop controls is that they only respond 
to  changes  in  daylight  but  do  not  always  accurately  respond  to  actual  light 
levels in the interior space; 
•  Closed-loop systems: the photosensor is oriented so that it senses both daylight 
and electric light in the space and adjusts the electric light accordingly. Closed-
loop  systems  can  be  unreliable  at  daylight  sensing  because  the  system  is 
unable  to  distinguish  between  changes  in  daylight  and  changes  caused  by 
occupant interferences or in the object reflectance within the space. 
In order to exploit the advantages of both approaches while eliminating their respective 
drawbacks, the UC Davis California Lighting Technology Center developed a “dual-loop” 
control system by merging the open-loop and closed-loop approaches, to be adopted 
for skylights applications [23]: the systems, whose functioning principle is depicted in 
Figure 3.1, by monitoring both the exterior daylight and the internal spaces illuminance 
levels, is able to distinguish between the effects of changes in daylight availability and 
in  interior  spaces.  Testing  in  collaboration  with  Walmart  stores  in  2008  and  2009 
proved system effectiveness and reliability.  
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Figure 3.1 –The “Dual-loop” photosensors control system developed by the UC Davis CLTC [23] 
 
3.1.1.2.Control modules and dimming 
The  signal  from  the  photosensor  is  interpreted  by  a  lighting  control  module  in  the 
electric  lighting  system,  an  automated  light  switching  device  that  can  reduce  the 
electric lighting by shutting off or dimming fixtures as appropriate. If electric lights are 
dimmable, then the artificial lighting may be continuously adjusted in proportion to the 
amount of daylight available. If the electric lighting is on-off only, then a fixture or lamp 
must remain on at full output until daylight can meet the entire recommended light level 
for the space. Non-dimming variants include having multiple non-adjacent light fixtures 
such as alternate units in the ceiling “grid layout”, or daylight source adjacent fixtures 
near windows or skylights, linked for module on-off switching. Another variant of on-off 
switching is step switching (sometimes referred to as "multi-level switching"), in which 
multiple lamps in a single light fixture can be switched on and off independent of each 
other in order to provide different light level steps: this allows for typically one or two 
steps between full output and zero. 
Dimming  systems  are  generally  more  expensive  than  on-off  systems,  but  have  the 
potential  to  save  more  energy,  because  they  can  reduce  electric  light  output  when 
daylight can only partially meet the needs of the space. However, dimming systems 
may also require a little more energy for their basic operation. If a dimming system is 
well-calibrated, the occupants of the space will not notice changes in electric lighting 
due to daylight harvesting, whereas they are very likely to notice the changes due to 
on-off or step switching [22]. 
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3.1.1.3.Daylighting devices 
Daylighting  simply  refers  to  the  practice  of  placing  windows  or  other  openings  and 
reflective surfaces so that during the day natural light provides effective internal lighting. 
Thus, daylighting can be independent from daylight harvesting practices: energy can 
be saved, for example, simply by installing fewer light sources due to higher daylight 
contribution.  As  previously  mentioned,  daylight  harvesting  solutions,  especially  if 
implemented as retrofit, can only partially act on the building daylighting infrastructure 
(if  required),  and  this  fact  should  be  taken  into  consideration  when  reading  the  list 
below, which illustrates all the possible solutions to provide daylight in building spaces. 
Nonetheless, as will be more evident through the pages of this chapter, all the different 
aspects  interacting  with  each  other  shall  always  be  taken  into  consideration  in  the 
framework of a best-practice building lighting and energy analysis. 
These so-called “daylighting devices” are [24]: 
•  Windows: the most common and important device, because they are present 
besides any concern to energy efficiency. They should be carefully selected due 
to their high impact on lighting and HVAC loads consumption, and optimized for 
different climates. Due to their importance, a deeper analysis on windows and 
shading controls will be performed in the next paragraph, with a special focus 
on dynamic devices, e.g. electrochromic windows and louvered skylights; 
•  Clerestory  windows:  high,  vertically-placed  windows  used  to  increase  solar 
gains when oriented towards the equator; 
•  Skylights: light transmitting devices that constitute all, or a portion of, the roof of 
a building space. For large single-story commercial buildings, skylighting has 
huge potential for energy savings, as will be emerging in the case study at the 
end of the paragraph. Due to this reason, a new testing procedure for skylights 
performance characterization will be proposed in Chapter 4, with a focus on 
innovative dynamic louvered solutions; 
•  Light reflectors: mostly used in the past, they are external devices manually 
regulated  in  order  to  redirect  daylight  into  buildings  depending  on  the  sun 
position; 
•  Light  shelves:  an  effective  way  to  enhance  lighting  from  windows  on  the 
equator-facing side of a structure, this effect being obtained by placing a white 
or reflective metal light shelf outside the window. Usually the window will be 
protected from direct summer season sun by a projecting eave. The light shelf  
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projects beyond the shadow created by the eave and reflects sunlight upward to 
illuminate the ceiling. 
•  Light tubes: Tubular Daylighting Devices (TDDs) capture light through a dome 
on a building's rooftop and channel the light into the building through a reflective 
tube, effectively bringing daylight into the building's interior spaces. They are 
frequently capped with a transparent, roof-mounted dome 'light collector' and 
terminated with a diffuser assembly that admits daylight into interior spaces and 
distributes the available light energy evenly (Figure 3.2); 
 
 
Figure 3.2 – The functioning principle of a TDD (Solatube Inc., [25]) 
 
•  Sawtooth roof: another roof-angled glass alternative is a "sawtooth roof" (often 
found in old factories). Sawtooth roofs have vertical roof glass facing away from 
the  equator  side  of  the  building  to  capture  diffused  light  (not  harsh  direct 
equator-side solar gain); 
•  Heliostats:  mirrors  which  are  moved  automatically  to  reflect  sunlight  in  a 
constant direction as the sun moves across the sky; 
•  Fiber-optic concrete wall: another way to make a secure structural concrete wall 
translucent is to embed optical fiber cables in it. Daylight (and shadow images) 
can then pass directly through a thick solid-concrete wall; 
•  Hybrid solar lighting: Oak Ridge National Laboratory (ORNL) has developed a 
new alternative to skylights called Hybrid Solar Lighting. This design uses a 
roof-mounted light collector, large-diameter optical fiber, and modified efficient 
fluorescent lighting fixtures that have transparent rods connected to the optical  
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fiber  cables.  Essentially  no  electricity  is  needed  for  daytime  natural  interior 
lighting. 
3.1.2.Open problems in daylight harvesting 
Daylight  harvesting  has  an  inherent  high  level  of  complexity  due  to  the  amount  of 
factors  whose  interaction  needs  to  be  taken  into  consideration.  Daylight  harvesting 
strategies require accounting for: 
•  Daylighting devices surfaces: ratio of external surface (wall or roof) occupied by 
daylighting  devices,  e.g.  WWR  (Window-to-Wall  Ratio)  for  windows,  SRR 
(Skylight-to-Roof Ratio) for skylights; 
•  Daylighting devices parameters: choice of optimal parameters for heat transfer 
and optical properties for fenestration systems; 
•  Shading devices and controls; 
•  Building orientation, location and climate; 
•  Lighting system design; 
•  Regulations; 
•  Energy sources used for HVAC systems; 
•  Building type and occupancy schedule; 
•  Occupantʼs behavior. 
First of all, most of the key parameters can be changed only at the building design 
stage,  which  is  not  the  case  when  it  comes  to  building  retrofits.  Secondly,  the 
parameters are often building-specific and require a simulation- or measurement-based 
approach  for  the  building  taken  into  consideration.  This  complexity  often  leads  to 
simplifications and non-consideration of relevant factors, which ultimately can lead to 
negative effects of daylight harvesting system design. The most relevant issues related 
to daylighting solutions are: 
•  Impact on HVAC loads: especially when making changes to the fenestration 
system  influencing  the  building  thermal  envelope,  HVAC  loads  can  be 
substantially altered. As discussed in the previous chapter, dimming the lights 
has,  in  general,  a  positive  effect  on  cooling  loads  and  a  negative  effect  on 
heating loads, as has increasing the “effective aperture” of the building. Often, 
due to the complexity of these interactions, effects on HVAC loads are totally 
overseen by analysts and property owners, especially in their negative aspects, 
and will be the main focus of the analysis performed in the following pages. 
•  Glare: it is a subjective human sensation that describes light within the field of 
vision that is brighter than the brightness to which the eyes are adapted [26].  
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Visual  comfort  is  the  parameter  mostly  influencing  occupantsʼ  behavior  in 
buildings, and non-consideration of the issues related to it is a common cause 
of  daylighting  system  non-effectiveness  (e.g.  manual  blind  deployments  in 
buildings: if daylight is disturbing occupants for even a small fraction of the day, 
blinds often happen to be always closed, totally nullifying daylight harvesting 
benefits).  Glare  can  be  divided  into  two  main  categories:  “discomfort  glare”, 
which results in an instinctive desire to look away from a bright source, and 
“disability  glare”,  which  renders  the  task  impossible  to  view  [27].  Glare  is  a 
subjective sensation, caused by a significant ratio of luminance between the 
task (that which is being looked at) and the glare source, also highly influenced 
by factors such as the angle between the task and the glare source, and eye 
adaptation. Due to its complexity, glare itʼs usually assessed through the use of 
indices evaluated by camera techniques and computer simulation: Kleindienst 
and Andersen in 2009 [28] acknowledged seven different glare indices outlining 
their weaknesses and, among them, selected DGP (Daylight Glare Probability) 
as the most promising one. DGP, representing the “percent of people disturbed” 
and  based  on  human  reactions  to  daylight-based  glare  in  a  side-lit  office 
environment  with  venetian  blinds,  is  expressed  by  the  following  formula: 
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where EV is the vertical illuminance at the eye, Ls is the luminance of the glare 
source, %s,j is the solid angle of the source and P is the position index of the 
source. As previously stated, HDRI (High Dynamic Range Imaging) technique is 
used to create luminance maps of scenes by combining sets of images taken at 
different exposures, obtaining thus pixel values corresponding to the physical 
quantity of luminance in that space with reasonable precision and repeatability 
[26]. 
•  Side-lit  spaces:  while  daylight  harvesting  and  controls  for  skylighting  can  be 
considered  an  affirmed  practice,  side-lit  spaces  daylight  harvesting  is  still 
considered a challenging research topic due to its interaction with occupants 
(manually  controlled  blinds),  glare  risk  and  difficult  location  of  sensors  for 
effective and reliable daylight illuminance measurement [29]. 
Most  of  the  themes  and  techniques  listed  in  this  first  overview  will  be  addressed 
through modeling and measurements in the next pages. 
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3.1.3. Daylight harvesting savings potential: Walmart case study 
Walmart, with 8970 stores and 2.2 million employees, is the largest retailer in the world 
and the largest grocery retailer in the United States [30], and in the last two decades 
has been leader in energy efficiency and renewable energy implementations. 
In a 2006 report news [31], Walmart declared to have implemented daylight harvesting 
in  over  600  stores  through  skylights  installation  in  combination  with  T-8  dimmable 
fluorescent  tubes  and  computer  controlled  open  loop  illuminance  sensors,  with  an 
annual increasing rate of 200-300 new and retrofitted stores after the first experiment 
dating back in 1995 (Figure 3.3). 
 
 
Figure 3.3 – Skylighting in Walmart stores 
 
With a SRR (Skylight-to-Roof ratio) of about 3-4%, each daylight harvesting system is 
estimated to save about 1500 GJ of electric lighting every year. If skylights are installed 
in the construction stage the overall cost for an average size store is about 200 k$, with 
a  simple  payback  period  of  less  than  two  years,  increased  sales  and  productivity 
indices claimed by the company. 
No official report is available from the company about the overall impact of the daylight 
harvesting measure in the building. From confidential information which isnʼt accessible 
to the public, anyway, emerged that only a high-level simulation work has been done in 
1996 to assess the daylight measure impact on the HVAC system consumption. As a  
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general  indication,  from  the  simulations  emerged  how  in  colder  climates  (such  as 
Minneapolis, MN) savings in lighting are offset by heating increase due to the fact that 
the same daylighting system is implemented disregarding the climate conditions. 
3.2.Fenestration systems and shading controls 
Daylighting  inherent  complexity  requires  careful  consideration  of  daylighting  devices 
properties selection, in order not to compromise the entire system effectiveness due to 
a wrong combination of actors. As mentioned in the previous introductory paragraph, 
windows  play  a  particularly  important  role  in  daylighting  analysis,  being  the  most 
common daylighting device, usually present besides any focus on energy efficiency. 
Particular attention requires, therefore, a complete understanding of which are the main 
parameters used to evaluate windows energy efficiency performances. Once assessed 
which are the main parameters defining windows, an analysis is performed in order to 
understand  how  they  can  be  actively  controlled  to  optimize  fenestration  systems 
performance for energy efficiency (e.g. shading controls). A brief introduction is also 
given on the different algorithms normally used to improve daylighting systems overall 
performance.  
3.2.1.Fenestration systems performance parameters 
Fenestration  systems,  including  windows  and  skylights,  are  evaluated  by  a  set  of 
properties rating their visual and heat transfer performance. Organization such as the 
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE, 
[32]) and the National Fenestration Rating Council (NFRC, [33]), define standard and 
create labels, often implemented in legislations, to provide guidelines for the choice of 
optimal fenestration systems for different locations and climates. On the academic side, 
particular effort has been done in the last decades by the “Windows and Daylighting” 
research group and Lawrence Berkeley National Lab [34], which has developed as well 
several  software  environments  as  decision-making  support  tools  and  databases  for 
fenestration systems (e.g. WINDOW, COMFEN, RESFEN software). 
According to NFRC rating systems, fenestration devices are rated according to five 
parameters, which are available in the NFRC labeling system (Figure 3.4): U-value, 
visible light transmittance (VLT), solar heat gain coefficient (SHGC), Air Leakage and 
Condensation resistance. 
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Figure 3.4 – NFRC fenestration systems rating label [33] 
 
3.2.1.1.U-Value 
The “U-value” (or “U-factor”), more correctly called the overall heat transfer coefficient, 
describes how well a building element conducts heat. It measures the rate of heat 
transfer through a building element over a given area, under standardized conditions. 
Being  expressed  in  (W/(m
2  K))  in  SI  units,  itʼs  a  global  heat  transfer  coefficient, 
therefore describing heat transfer due to temperature difference between outside and 
inside a building through conduction and convection. In formulas: 
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!
! ! !!
!
!
!!!
 
Low U-factors are most important in heating dominated climates, although they might 
be also beneficial in cooling dominated ones. 
3.2.1.2.Solar Heat Gain Coefficient (SHGC) 
Solar Heat Gain Coefficient (SHGC) measures how well a product blocks heat caused 
by sunlight radiation. The SHGC, expressed as a number between 0 and 1, is the 
fraction of incident solar radiation admitted through a window (both directly transmitted 
and absorbed) and subsequently released inward. The lower a window's solar heat 
gain  coefficient,  the  less  solar  heat  it  transmits  in  the  house.  Solar  heat  gain  can 
provide free heat in the winter but can also lead to overheating in the summer. How to 
best balance solar heat gain with an appropriate SHGC depends upon the climate, 
orientation, shading conditions and other factors. 
3.2.1.3.Visible Light Transmittance (VLT) 
The visible light transmittance (VLT) is an optical property that indicates the amount of 
visible light transmitted through a fenestration system. The NFRC's VLT is a whole  
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window rating and includes the impact of the frame, which does not transmit any visible 
light. While VLT theoretically varies between 0 and 1, values higher than one can be 
encountered  in  devices  with  particular  solutions  to  increase  their  surface  areas  or 
redirecting light inside the space (e.g. domed skylights). The higher the VLT, the more 
light is transmitted.  
3.2.1.4.Air Leakage 
Air Leakage (AL) is indicated by an air leakage rating expressed as the equivalent 
volume of air passing through a unit of window area. Heat loss and  gain occur by 
infiltration through cracks in the window assembly. The lower the AL, the less air will 
pass through cracks in the window assembly. 
3.2.1.5.Condensation Resistance 
Condensation  Resistance  (CR)  measures  the  ability  of  a  product  to  resist  to  the 
formation of condensation on the interior surface. The higher the CR rating, the better 
that  product  is  in  resisting  condensation  formation.  While  this  rating  cannot  predict 
condensation, it can provide a credible method of comparing the potential of various 
products for condensation formation. CR is expressed as a number between 1 and 100. 
3.2.2.Energy efficient fenestration systems: static and dynamic solutions 
Among the parameters listed above, SHGC and VLT are the two which happen to be 
most  predominantly  influencing  the  energy  efficiency  performance  of  a  fenestration 
system.  Various  solutions  have  been  studied  and  developed  through  the  years  to 
control these parameters in order to optimize the overall building performance. The 
ideal  solution  would  be  to  be  able  to  control  these  two  variables  separately  and 
independently,  e.g.  allowing  low  heat  in  summer  while  allowing  visible  light  inside: 
recent developments in scientific research are approaching these ambitious goals [35]. 
For  commercial  products  and  short-term  future  though,  these  two  coefficients  are 
proved to be, in practice, linearly related (Figure 3.5, [36]), due to the fact that the sun 
emits radiation mostly in the visible part of the spectrum; thus, a linear relation between 
the two coefficients will be often assumed in the following pages of the present work. 
Shading controls are solutions used to vary the visible transmittance of a fenestration 
system  and can range from very simple (e.g. manual venetian blinds) to extremely 
sophisticated. In the framework of the present dissertation the term “shading control” is 
extended to all the devices embodying this functioning principle. 
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Figure 3.5 – VLT and SHGC linear relation from experimental data [36] 
 
Plenty  of  measures  are  implemented  to  improve  fenestration  systems  energy 
performance: the following sub-paragraphs, far from being a complete review, briefly 
points  out  only  the  different  solutions  which  have  been  modeled  or  tested  in  the 
framework of the present study: low-e coatings, electrochromic windows and dynamic 
louvered  fenestration  systems.  For  complete  reviews,  vast  and  reliable  online 
references are available [37]. 
3.2.2.1.Low-E coatings 
Low thermal emissivity, often simply referred to as “low-E”, is a quality of a surface that 
radiates,  or  emits,  low  levels  of  radiant  thermal  energy.  Low-E  coatings  are 
microscopically thin, virtually invisible, metal or metallic oxide layers deposited on a 
window  or  skylight  glazing  surface  primarily  to  reduce  the  U-factor  by  suppressing 
radiative heat flow. The principal mechanism of heat transfer in multilayer glazing is 
thermal radiation from a warm pane of glass to a cooler pane. Coating a glass surface 
with a low-emittance material and facing that coating into the gap between the glass 
layers blocks a significant amount of this radiant heat transfer, thus lowering the total 
heat flow through the window. Low-E coatings are transparent to visible light. Different 
types of low-E coatings have been designed to allow for high solar gain, moderate 
solar gain, or low solar gain.  
59 
 
Figure 3.6 – Effect of low-E coatings on window parameters SHGC, VLT and U-Value [37] 
 
Figure 3.6 depicts the characteristics of a typical double-glazed window with a low-
solar-gain low-E glass with argon gas  fill.  As  with  moderate-solar-gain low-E glass, 
these windows are often referred to as “spectrally selective low-E” due to their ability to 
reduce  solar  heat  gain  while  retaining  high  visible  transmittance,  this  due  to  their 
capability of partially blocking the infrared component in sunlight radiation. A wrong 
usage of these coatings can have disastrous effects on buildings energy consumption.  
3.2.2.2.Electrochromic windows 
While low-E coatings are static solutions to control solar gains, electrochromic glazings 
are a dynamic way of approaching the issue. Electrochromic windows are windows that 
can be darkened or lightened electronically by a small voltage applied to their layers 
causing them to darken (reversing the voltage causes them to lighten). This capability 
allows for the automatic control of the amount of light and heat that passes through the 
windows,  thereby  presenting  an  opportunity  for  them  to  be  used  as  energy-saving 
devices  [38].  The  electrochromic  glazing  is  the  external  pane  of  a  window,  and  in 
commercial applications it is pre-programmed with a discrete numbers of diverse tinted 
states (usually four). As will be thoroughly assessed in the next pages, electrochromic 
windows, although being still an expensive solution, could be the future of fenestration 
systems since they can improve building energy performances while eliminating, at the 
same  time,  the  need  for  other  shading  devices:  the  combination  of  electrochromic 
windows  and  lighting  controls  can  be  definitely  considered  the  “best  practice” 
daylighting solution available today.  
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Figure  3.7  illustrates  an  example  of  electrochromic  windows  installation  by  the 
company  SAGE  [39],  leader  in  the  production  and  installation  of  electrochromic 
solutions for windows and skylights. 
 
 
Figure 3.7 – Comparison between tinted and untinted states of electrochromic glazing in a 
commercial installation [39] 
 
3.2.2.3.Louvered skylights 
A  less  expensive  solution  compared  to  electrochromic  windows  is  the  usage  of  a 
dynamic louvered system, which is recently becoming popular especially for skylighting.  
 
Figure 3.8 – Commercial louvered skylight installation diagram [40]  
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Similar to the electrochromics concept, the basic principle is to be able to control the 
transmittance  of  light  and  heat  through  fenestration  systems  optimizing  it  based  on 
user-defined control algorithms. An example of these solutions, whose testing will be 
described through the pages of next chapter, is depicted in Figure 3.8 [40]. 
3.2.3.Shading controls algorithms 
Control algorithms are implemented for shading devices by controlling heat gains for 
energy  performance  (HVAC  loads  optimization)  and  visible  transmittance  for  visual 
comfort, taking into account positive effects of daylighting on vision and health, but also 
its  drawbacks  which  can  result  in  discomfort  or  disability  glare.  Trade-offs  are,  of 
course, necessary due to the fact that SHGC and VLT present the above shown linear 
dependence. Different solutions and algorithms with various levels of complexity have 
been developed, basically depending on the flexibility (i.e., number of control states) 
allowed by the particular shading system installed. These control systems should be 
connected  to  the  building  management  system  (if  present)  and  can  usually  be 
overwritten by users through manual switches. A simple algorithm for internal blinds 
developed by researchers at the UC Davis CLTC adopted in this regard is shown in 
Figure 3.9, taking into account HVAC loads, occupancy, and outdoor light levels. 
 
 
Figure 3.9 – Control algorithm for internal blinds taking into account HVAC loads, outdoor light 
levels, occupancy 
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3.3.Daylighting modeling toolbox 
Daylighting  is  a  rather  complex  phenomenon  to  analyze  due  to  the  interaction  of 
multiple factors, from lighting analysis to energy consumption, from visual comfort to 
occupants behavior, which canʼt be evaluated by analytical solutions or spreadsheet 
calculations  alone,  and  ultimately  claims  for  a  simulation-based  approach  to  be 
properly assessed. Ideally, all the required analyses would be performed by a unique 
tool able to take into account all the different variables listed above: at the moment of 
writing, no such tool exists. Reinhart and Wienold in 2010 [41] reviewed all the main 
simulation-based tool available and proposed a way of smartly combining them in order 
to provide users with a state-of-the-art general daylighting dashboard (Figure 3.10). 
 
 
Figure 3.10 - The toolbox and daylighting dashboard proposed by Reinhart and Wienold [41] 
 
A similar analysis was performed within the framework of the present work in order to 
define the best toolbox to reach the goals of the performed modeling. It differentiates 
from the cited results for two reasons: first of all, although eventually ending up having 
a  general  validity,  the  evaluated  tools  were  mostly  tested  for  specific  purposes 
(electrochromic  and  dynamic  fenestration  systems  modeling);  secondly,  there  is  a 
strong preference for freeware and open source software. Far from being a complete 
review of all the simulating tools available, this report focuses on the main simulating 
environments  directly  evaluated  for  the  analysis,  outlining  their  main  features, 
advantages and disadvantages with regard to the specific modeling goals.  
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 The simulating tools are here divided into three main categories: 
•  Lighting simulation: Radiance, Daysim; 
•  Building energy simulation: eQUEST, EnergyPlus (with JEplus), Skycalc; 
•  Building geometry creation and connecting tools: Google Sketchup, OpenStudio 
and BCVTB. 
The analysis ends with a proposed toolbox for the overall building simulation, i.e. a 
combination of the above mentioned simulating environments to provide a complete 
daylighting building analysis. 
3.3.1.Lighting simulation tools 
There  are  multiple  simulating  environments  available  for  lighting  analysis  with 
advantages and disadvantages depending on which is the simulation goal, and detailed 
reports have been written assessing advantages and disadvantages of these tools [42]. 
There are two main approaches to lighting simulation: 
•  Ray-tracing: light rays are traced back from the point of measurement or view to 
the light source; 
•  Radiosity: algorithms starting off with the energy radiated from light sources. 
Assuming diffuse reflectance properties of the objects, the incoming energy is 
then modified by the materialʼs reflective properties and bounced back into the 
room. 
3.3.1.1.Radiance 
Radiance [43] is a highly advanced ray-tracing software developed by researchers at 
Lawrence Berkeley National Lab. It consists of a suite of programs for the analysis and 
visualization of lighting and daylighting in design, and it can give in output radiance, 
irradiance, glare indices calculation, with results displayed as color images, numerical 
values and contour plots. Considered by far the best lighting simulation tool available, it 
has  basically  no  limitations  to  materials  and  geometry  that  can  be  used  within  the 
lighting model. Itʼs nowadays provided as an open-source tool and an active mailing list 
is providing users support and new tools development [44]. All the above described 
software potential inherently brings with it a very steep learning curve: building model 
geometries are extremely difficult to be created and all the package needs to be used 
from the command line, since no good user interface is available. A good collection of 
Radiance  related  material  and  tutorials  is  available  [45],  and  the  structure  of  the 
program is well illustrated by the diagram depicted in Figure 3.11: materials (including 
sky, sun, and ground) and geometries are created from scratch as text files elements,  
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which  converge  into  a  complete  Radiance  scene  (an  “octree”)  on  which  lighting 
analysis  can  be  performed.  Different  commands  are  available  for  the  various 
possibilities:  “rvu”  is  an  interactive  tool  to  display  scenes  by  changing  some  key 
parameters and optimize rendering before printing them to picture formats with “rpict”. 
“Rtrace” is, instead, the tool used as engine to perform ray-tracing lighting calculations. 
 
 
Figure 3.11 – Radiance program structure [45] 
 
Among  the  many  features  provided  by  the  Radiance  toolkit,  two  were  particularly 
effective within the framework of the present work: 
•  Visual  comfort  evaluation  method  with  “evalglare”,  which  is  a  recently 
developed  package  determining  and  evaluating  glare  sources  within  a  180° 
fish-eye  image  provided  in  a  Radiance  format [46].  Written  by  Jan  Wienold, 
“evalglare”  implements  the  previously  mentioned  concept  of  Daylight  Glare 
Probability, developed by the same author, and accepts as input HDR pictures 
either developed in Radiance or taken with cameras. 
•  Possibility of automation through external scripting: scripts written in different 
programming  languages  can  automatize  Radiance  geometry  creation  and 
performance analysis. An example is given in the next chapter by using “Bash” 
scripting programming language. 
Many other lighting analysis software available are based on Radiance as backward 
lighting analysis engine, usually specifically addressing some of the multiple features 
provided by Radiance for a specific modeling goal.  
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3.3.1.2.Daysim 
Among the various tools built using Radiance as the backward engine, Daysim [47] is 
probably  one  of  the  most  useful  applications.  This  validated  daylighting  analysis 
software  needs  the  building  geometry  as  input  from  a  CAD  software  (e.g.  Google 
Sketchup) and a weather file, and can perform a series of annual analyses, extremely 
time-consuming to perform directly in Radiance, including: 
•  Annual  calculation  of  daylighting  metrics  such  as  illuminance  values  and 
daylight autonomy; 
•  Implementation  of  the  “Lightswitch”  occupant  behavior  model  to  mimic 
occupant use of personal control such as light switches and Venetian blinds 
and to predict savings from automated lighting controls; 
•  Implementation  of  the  “Daylight  glare  probability”  for  visual  comfort  annual 
simulations. 
The two last features are particularly useful and fill a gap in the modeling toolbox, since 
with Daysim itʼs possible to predict how occupants would make use of manual shading 
systems according to their visual comfort and behavior: the software creates schedules 
for  shading  devices  status  which  can  serve  as  input  for  overall  building  simulation 
software, such as eQUEST and EnergyPlus, as suggested by Figure 3.10 diagram by 
Reinhart, whoʼs also the main Daysim developer. 
3.3.2.Building energy simulation tools 
If  for  lighting  analysis  many  software  environments  are  used,  for  building  energy 
analysis thereʼs an even wider number of options. The reasons why many different 
tools  are  in  use  are  various,  e.g.  regulations  setting  specific  requirements  for 
compliance, ease to use, funding availability, historical diffusion, etc. The main tools 
listed  in  this  paragraph  are  the  ones  considered  the  best  available  at  the  moment 
(EnergyPlus), highly diffused (eQUEST) or suitable for specific requirements (Skycalc). 
3.3.2.1.EnergyPlus and JEPlus 
EnergyPlus [48] finds its roots in both the BLAST and DOE-2 programs, which were 
developed in the 1970s and 1980s as energy and loads simulation tools. EnergyPlus 
development began in the early 2000s in order to replace its two ancestors by merging 
their best features in a more modern, easy-to-use and fast program. The software has 
just become open source, and it comes with an active mailing list and a support service 
provided by the developersʼ group. The main features which were heavily tested and 
exploited during the present work are:  
66 
•  Weather files availability: over 2100 EPW (weather data) files are available for 
different locations of the world. The most detailed weather information is for the 
United States, whose sub-division in climate zones is particularly useful in the 
framework of the present analysis (Figure 3.12); 
 
Figure 3.12 – US climate zones in EnergyPlus 
 
•  “MeetDaylightIlluminanceSetPoint”  function  to  model  electrochromic  glazing 
windows:  internal  ideal  function  which  switches  continuously  between  two 
glazing  states  (tinted-untinted)  in  order  to  maintain  a  user-imposed  value  of 
daylight illuminance at a reference point; 
•  Daylighting controls are present and illuminance maps are calculated at every 
timestep, although in a simplified way compared to Radiance algorithms; 
•  “Ideal  Loads”  simplification  for  HVAC  systems:  possibility  of  evaluating  only 
zone cooling and heating  loads  without  modeling  HVAC  system  in  detail  for 
initial building energy consumption evaluations. 
EnergyPlus, though, wasn't designed to be a user interface, but instead a simulation 
engine to build interfaces upon. Thus, to exploit its full functionalities itʼs necessary to 
use it directly, and this carries, together with many advantages, quite a steep learning 
curve and an extremely slow procedure to define building geometries. As a solution to 
this  the  main  feature  making  EnergyPlus  such  a  powerful  tool  is  its  capability  of 
interfacing with many other software environments to perform specific tasks. 
In  the  last  release,  EnergyPlus  v7.1,  which  was  tested  in  its  Beta  version,  a  great 
improvement  has  been  made  to  the  EMS  (Energy  Management  System),  a  set  of  
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functions  allowing  users  to  define  variables  and  actuators  and  use  them  within  a 
simulation to change the status of an energy management device according to user-
defined algorithms. To model electrochromic glazing functionalities, a new actuator was 
released which could switch between constructions (window layers in the specific case) 
according  to  customized  algorithms:  this  permitted  to  simulate  what  electrochromic 
glazing windows controls do in reality, and will be useful in the simulations described in 
the next chapter. 
Often to evaluate design options in order to optimize their impact on building energy 
consumption itʼs necessary to perform parametric simulations on different variables, 
combining  them  in  different  fashions.  JEPlus  [49]  is  a  JAVA  parametric  shell  first 
developed  in  2007  which  permits  to  easily  run  parametric  simulations  by  defining 
parameter trees which can run as well on different EnergyPlus IDF files and different 
weather files, thus generating huge batches of simulations and collecting the output 
results in Microsoft Excel for further processing. Figure 3.13 illustrates the functioning 
concept of the shell, whose features are thoroughly exploited in the last paragraph of 
the present chapter. 
 
 
Figure 3.13 – Functioning principle of JEPlus, a parametric shell for EnergyPlus [49] 
 
3.3.2.2.eQUEST 
eQUEST [50] is a user interface for DOE-2 simulation engine, whose main features are 
ease to use and speed. This, unfortunately, brings a series of limitations that are partly 
due to DOE-2 inherent limits, and partly to a lack of funding which led to a software 
totally lacking official user support. The final result is a software which highly relies on 
its vast user community, but which is definitely less powerful than EnergyPlus when it 
comes to complex simulations; many codes and regulations though still consider it as  
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one of the main tools for compliance analyses. A good advantage is represented by the 
presence of a wide library of domed skylights, which is totally absent in EnergyPlus, 
where they need to be approximated by flat glazing fenestration systems. 
3.3.2.3.Skycalc 
Skycalc [51] is an early stage design simple spreadsheet tool specifically designed for 
skylighting  applications.  Developed  as  a  Microsoft  Excel  VBA  macro,  it  basically 
assesses lighting and HVAC savings generated by skylighting, finding the optimum 
SRR (Skylight-to-Roof ratio) and generating annual average illuminance maps. Due to 
its very high ease of use, this intuitive tool could be deployed in early stages of building 
design, but shall not be used as reference for absolute energy consumptions values, 
due  to  the  huge  simplifications  made  especially  when  it  comes  to  heat  transfer 
calculations. 
3.3.3.Building geometry creation and connecting tools 
As emerged from the previous considerations, Radiance and EnergyPlus, respectively 
the  best  tools  available  for  lighting  and  energy  simulations,  lack  of  a  proper  user 
interface which could diffuse them to a wider audience, and are extremely slow and 
difficult to use when it comes to building geometry definition. This paragraphs mainly 
shows one of the solution to this, Openstudio, which aims to become in future a unique, 
easy-to-use  and  complete  suite  for  daylighting  assessment,  from  lighting  to  energy 
analysis.  Another  powerful  tool,  the  BCVTB,  allows  to  couple  different  simulating 
environments, but itʼs mainly dedicated to experience users of simulating environment. 
3.3.3.1.Google Sketchup 
Google  Sketchup  [52]  is  a  modern  and  easy-to-use  3D  modeling  tool  whose  basic 
modeling interface is freely available to the public. Its huge diffusion is caused by the 
fact that it allows non CAD-experienced users to easily create 3D models, allowing to 
interface as well with a number of different software environments. In the particular 
situation,  the  Sketchup  tool  was  mainly  used  for  building  geometry  creation  to  be 
exported to EnergyPlus and Radiance simulating environments. 
3.3.3.2.Openstudio 
Openstudio [53], developed by NREL (National Renewable Energy Lab), is a cross-
platform collection of software tools to support whole building energy modeling using 
EnergyPlus  and  advanced  daylight  analysis  using  Radiance.  Although  still  in  early 
stages of developments, itʼs the best candidate to provide in future a complete toolbox 
for building energy and lighting analysis, becoming an intuitive user interface for both  
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EnergyPlus  and  Radiance.  With  good  forum  support  and  video  tutorials,  the  most 
interesting feature of OpenStudio is that it comes as a Google Sketchup plug-in, and 
therefore  permits  to  easily  create  building  geometries  in  the  CAD  modeling 
environment and export them to Radiance and EnergyPlus, thus solving one of the 
most annoying issues of these two simulating environments. 
The most interesting aspects of OpenStudio for the goals of the modeling work are: 
•  the possibility of creating an EnergyPlus model and export it as EnergyPlus IDF 
input files. Since not all EnergyPlus features are supported yet, models need to 
be exported to EnergyPlus and completed before performing simulation runs; 
•  Support of Radiance is included but itʼs still at early stage of development. Itʼs 
implemented through a series of external Ruby scripts, the most important of 
which  are:  ModelToRad.rb,  which  permits  to  export  a  Google 
Sketchup/Openstudio model geometry into Radiance, and Daylightsim.rb, which 
runs a series of commonly performed Radiance daylighting simulation on the 
exported building model. 
•  ResultsViewer: software which plots graphs from EnergyPlus output. 
3.3.3.3.Building Controls Virtual Test Bed (BCVTB) 
The Building Controls Virtual Test Bed (BCVTB) is a software environment that allows 
expert users to couple different simulation programs for co-simulation, and to couple 
simulation programs with actual hardware. For example, the BCVTB allows to simulate 
a  building  with  electrochromic  glazing  fenestration  in  EnergyPlus  and  generate 
illuminance  maps  and  daylighting  analysis  in  Radiance,  while  exchanging  data 
between  the  software  as  they  simulate.  The  BCVTB  is  based  on  the  Ptolemy  II 
software environment and allows expert users of simulation to expand the capabilities 
of individual programs by linking them to other programs [54]. 
In this work, it has been used as an expansion of the above mentioned EnergyPlus 
EMS  capabilities  by  implementing  custom  made  control  algorithms  to  set 
electrochromics status at the different timesteps. The BCVTB is able to access the 
external interface of EnergyPlus and overwrite a series of variables at every timestep 
through objects called “actuators”. 
3.3.4.The daylighting modeling toolbox 
This final paragraph aims at collecting all the best tools chosen among the one tested 
and briefly introduced above in order to propose a final toolbox which possibly could 
constitute  the  best  and  most  efficient  way  of  performing  overall  and  complete 
daylighting simulation at the present moment, finding the optimal compromise between  
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complexity,  time  and  results  reliability.  The  diagram  in  Figure  3.14  summarizes the 
author  proposal  in  this  regard.  It  has  to  be  noticed  that  probably  a  perfect  toolbox 
doesnʼt exist, since it needs to be chosen for the defined simulation goals. 
 
 
 
Figure 3.14 – Daylighting modeling toolbox with detail of the software features deployed for the 
present simulation work 
 
3.4.Daylight harvesting savings evaluation modeling 
Daylighting complexity often leads researchers to focus on some of its specific aspects, 
sometimes losing the big picture. This paragraph has therefore the goal of assessing 
how different variables impact daylighting energy savings in order to define metrics to 
assess  the  value  of  daylight  harvesting  measures  and  support  decision-making 
processes.  This  high-level  sensitivity  analysis  wants  to  assess  which  are  the  main 
variables influencing daylighting savings potential, and how changes in these variables 
can affect the future of daylighting. It has been shown in the previous chapter how 
initial conditions highly influence energy efficiency solutions effectiveness: as a step 
forward, this paragraph shows the creation of a model able to predict the maximum 
savings potential of a daylight harvesting measure with only few variables as input. The  
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introductory  theoretical  analysis  is  validated  through  parametric  simulation  runs  in 
EnergyPlus (using JEPlus). 
3.4.1.Daylight harvesting savings predictive model 
The  impact  of  daylight  harvesting  on  energy  and  economics  depends  on  various 
independent variables, among the which the most relevant are: 
1.   Cost of electricity, “$el” [$/kWh]; 
2.  Luminous efficacy of light sources, “LES” [lm/W]; 
3.  Impact on HVAC system and cost of source used for heating (e.g. if natural gas, 
then heating costs donʼt depend on electricity costs); 
4.  Lighting system design, “E” [lm/m
2]: taking into account over/under illuminated 
areas; 
5.  Occupants behavior; 
6.  Occupancy “hop”: hours of operation of the lighting system per year [h]; 
7.  Luminous efficacy of radiation for daylighting, “LER” [lm/W]: depending on the 
fenestration type and on the sky conditions; 
8.  Daylight availability “hsun”: hours/year with daylight availability [h]; 
9.  Fenestration surface: Window to Wall Ratio, “WWR” [-]; 
10. Solar radiation, “Wsun” [W/m
2];  
11. Investment cost, “$inv” [$/m
2]. 
The  following  assumptions  and  simplifications  can  be  made  for  the  purpose  of  the 
modeling process: 
•  The lighting system is “properly designed”, i.e. illuminance levels match exactly 
the ones required by regulations; 
•  Lights switched on/off based on a perfect matching to the occupancy schedule 
(occupants behavior doesnʼt influence the initial conditions); 
•  HVAC loads are influenced only in terms of cooling loads, which are the only 
ones related to electricity costs. Heating loads are supposed to be provided 
through a different source and are not included in the present analysis. The 
aforementioned  assumption  is  acceptable  in  hot  climates  with  predominant 
cooling loads components. 
•  All spaces are day-lit, i.e. the model can be valid to the extent that all the areas 
taken  into  account  have  daylight  availability.  Core,  non-daylit  zones,  would 
alter consistently the energy balance. 
Considered these assumptions, the effects of daylighting on building energy savings 
can be split into two main components;  
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•  Impact on lighting energy savings, “X”; 
•  Impact on cooling energy savings, “Z”; 
A formula assessing the value of daylighting shall possibly include the two components 
listed  above,  which  shall  then  be  related  to  the  electricity  cost  $el.  It  is,  therefore, 
necessary to analyze all the above listed variables considered one by one, assessing: 
•  If and how they could be aggregated; 
•  If and under which assumptions they can be considered constants to the extent 
of the current analysis; 
•  Which of the two variables above they impact and how. To qualitatively assess 
this impact on X and Z functions, the following notation is adopted: 
-  “+”: increase of the variable value leads increases X, Z values; 
-  “-“: increase of the variable value leads to decrease of X, Z values; 
-  “no”: the variable has little or no impact on X, Z values. 
The  following  Table  3.1  analyzes  the  variables  one  by  one:  repetition  of  symbols 
indicates the strength of the relation dependence between the variables. 
 
Variable  Comment  Can be considered constant? 
Impact on 
X    Z 
LES  independent  no  --    -- 
E  independent  Yes, for a certain building type  ++    + 
hop  independent  Yes, for a certain building type  ++    + 
WWR  independent  no  +    + 
LER  independent  no  no    -- 
hsun  Can be 
merged into 
Esun[Wh/m
2] 
Yes, for a certain location/climate  no    + 
Wsun 
Table 3.1 – Factors impacting on lighting and cooling savings due to daylight harvesting 
 
After this detailed analysis, there are left only three variables which are independent 
and can be combined to assess their impact on lighting and cooling savings potentials: 
LES, LER and WWR. Using the qualitative data from the table below, itʼs crucial to 
evaluate how these three variables interact with each other and how they respectively 
relate to X and Z functions. 
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3.4.1.1.Impact on lighting energy savings (X) 
This function, X, summarizes the initial conditions of the lighting system, considering its 
“size”  and  its  “inefficacy”,  two  parameters  whose  growth  increases  the  savings 
potential of the daylight harvesting system. Recalling from the table above, X depends 
on: 
-  LES [lm/W]: strong inverse dependence; 
-  E [lm/m
2]: strong direct dependence; 
-  hop[h]: strong direct dependence. 
The simplest function showing the aforementioned behavior is: 
! !
! ! !!"
!"#
!
!"
!! ! !
!"
!
!
!!
!!  
The resulting unit measures indicate an energy density, which is clearly bound to the 
initial energy consumption of the lighting system. 
3.4.1.2.Impact on cooling energy savings (Z) 
This  function,  Z,  takes  into  account  the  effect  of  a  daylight  harvesting  measure  on 
cooling  energy  savings,  which  can  be  then  added  to  lighting  savings  under  the 
assumption that they are both powered by electricity (which is true in most real cases). 
Recalling from the table above, Z depends on: 
-  LER [lm/W]: strong inverse dependence. The higher the fenestration LER, the 
lower the initial cooling consumption; 
-  LES  [lm/W]:  strong  inverse  dependence,  higher  LES  values  mean  low  initial 
cooling consumption due to more efficient luminaires. 
-  WWR  [-],  hop  [h],  Esun [Wh/m
2],  E  [lm/m
2]:  weak  direct  dependence,  because 
they  influence  the  initial  cooling  load,  but  are  not  directly  influenced  by  the 
daylighting measure.  
LER and LES values, i.e. the luminous efficacies of sunlight and of luminaires, are the 
two variables with the strongest relation to cooling savings, and are therefore the two 
main  parameters  to  be  taken  into  consideration  when  assessing  cooling  savings 
attributable to daylight harvesting practices. 
These two variables act in a trade-off fashion, which depends on the fraction of electric 
lighting  replaced  through  dimming  by  control  systems.  A  simple  example  can  be 
considered: a space has electric lights with controls which can dim them up to 100% in 
order to match the desired illuminance at a reference point (e.g. E = 1000 lux = 1000  
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lm/m
2). To provide that illuminance value without any control enabled, electric lights 
produce a certain amount of heat, which is easily estimated by: 
!!!"#!$! !
!
!"#
!
!"
!!
!"
!
!
!
!!  
If controls are enabled, then all the electric lights can be replaced with daylight, which 
brings in the space an amount of heat which can be estimated by: 
!!!"#$%& !
!
!"#
!
!"
!!
!"
!
!
!
!!  
This last formula carries the underlying assumption of daylight being provided in the 
minimum quantity necessary to match the desired illuminance: this is exactly the main 
electrochromic windows distinguishing feature, and best daylight harvesting practices 
should therefore include electrochromic (as will be done in the simulation part for model 
validation). Without daylighting controls or electrochromic glazing, the total heat gain is: 
!!!"#!!"! ! !!!"#!$! ! !!!"#$%& !
!
!"#
!
!
!"#
 
If daylighting controls and electrochromic windows are installed instead, the trade-off 
relation between LES and LER can be represented by the following graph (Figure 3.15). 
 
Figure 3.15 – Heat gains depend on daylight and electric lights contributions 
 
In the previous figure, total heat gain (green line) comes from two additive components, 
depending on the fraction of electric lighting replaced by daylighting (x %): 
!!!"#!!"#! ! !!!"#!$! ! !!!"#$%& !
!
!"#
! ! ! !
!
!"#
! !
!
!"#
! !
!
!"#
!
!
!"#
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Calculating the difference between final (with daylighting controls and electrochromics) 
and initial conditions (no light or shading controls) the result is 
!!!!"# ! !!!"#!!"! ! !!!"#!!"#! ! !
!
!"#
!
!
!"#
!
!
!"#
 
Which is proportional to cooling savings, and itʼs clearly inversely proportional to both 
LER and LES. 
The simplest function showing this behavior is: 
! !
!
!"#
!
!
!"#
!
!
!!  
Which  is  a  power  density  representing  heat  gain  in  the  space.  Adding  the  two 
components seems consistent because they are in trade-off between each other. 
3.4.1.3.Daylighting savings evaluation function 
As  previously  stated,  the  function  evaluating  daylighting  potential  impact  on  energy 
savings should include the two above estimated components: 
•  Impact on lighting energy savings, “X”: 
•  Impact on cooling energy savings, “Z”; 
Since lighting savings and cooling savings are additional to each other, the simplest 
way to write down this function is: 
! !!! ! ! ! ! 
The  main  issue  is  that  the  two  components  have  two  different  unit  measures,  and 
therefore some modifications needs to be performed in order to give them the same 
unit measures. 
! !
!!
!!  
! !
!
!!  
Since  the  ultimate  goal  is  to  evaluate  the  economic  impact  of  daylighting,  the  unit 
measures of the function “X” are the most suitable to be chosen, since if they are 
multiplied by [$/Wh], the resulting unit measure would be [$/m
2], which is the same unit 
utilized to measure daylighting investment costs ($inv). 
If f(X,Z) is expressed in [Wh/m
2], then the final function adopted to evaluate economic 
impact of daylighting would be: 
! !!!!!!" ! ! !"#!!"#$!!"#$%&!!!""#$%&!!"#$%&!!!"!#$%&#&$'!!"#$ ! !! !!! ! !!"
!
!!
!! !
!
!!
!
!
!!  
To  achieve  this,  itʼs  necessary  to  check  whether  there  are  variables  that  can  be 
included as multiplying factors in Z to give it the final desired unit measures. Analyzing  
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the  function,  Z  would  need  to  be  multiplied  by  [h],  which  corresponds  to  hop  unit 
measures. This is consistent since the variable hop has a directly proportional influence 
on Z (see table above).  Furthermore, WWR, being dimensionless, shall be added to 
the equation due to its influence on cooling loads. The equation then becomes: 
! !
!
!"#
!
!
!"#
! !!" ! !!" !
!
!! ! ! ! !!! !
!!
!!  
Considered these consistent changes to the equations, the resulting f (X, Z) equation, 
evaluating lighting and cooling energy savings potential, becomes: 
 
! !!! ! ! ! ! !
! ! !!"
!"#
!
!
!"#
!
!
!"#
! !!" ! !!" 
 
Which, including the cost electricity yields to: 
 
! !!!!!!" ! !!!"#!!"#!!!"!!!"! ! ! !!! ! !!" !
!
! ! !!"
!"#
!
!
!"#
!
!
!"#
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!
!!
!
!
!!  
 
Itʼs interesting to see how the different variables enter in the function with a consistent 
behavior (see Table 3.1). 
This function, which can be improved by finding the correct weighting factors for the 
components  X,  Z,  might  be  used  to  evaluate  the  economic  impact  of  daylighting 
starting from some basic and easily measurable parameters. 
The main issue arising is that Esun is left out of the equation, indicating that the equation 
is  climate  independent.  This  particular  feature,  together  with  all  the  rest  of  model, 
needs to be verified through parametric simulations. 
3.4.2.Parametric simulations with JEPlus: “partial derivatives” analysis 
To validate the previously developed model, a series of parametric simulations was 
performed in EnergyPlus by using JEPlus, a JAVA interface allowing users to define 
parameter trees and run customized simulation batches on a single building model. As 
highlighted  in  the  previous  pages,  the  most  relevant  variables,  which  cannot  be 
considered constant under reasonable assumptions are: LER, LES, WWR and Esun, 
with the latter accounting for the building location. 
The  goal  of  these  first  parametric  runs  being  to  evaluate  the  impact  of  different 
variables  on  the  building  model  lighting  and  cooling  consumption,  neglecting  
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momentarily  the  electricity  costs  aspects,  54  simulations  were  performed  with  the 
following values of the key parameters: 
•  LER: 60 lm/W, 150 lm/W, 245 lm/W, accounting respectively for poor, low-e, 
and low-e spectrally selective glazing fenestrations; 
•  LES: 15 lm/W, 80 lm/W, 150 lm/W, accounting respectively for incandescent, 
fluorescent and LED light sources; 
•  WWR: 0.15, 0.30, 0.60, with windows evenly distributed and centered on the 
four façades of the building; 
•  Location: weather files for Minneapolis (MN) and Phoenix (AZ), locations having 
respectively average Esun values of 3900 and 6500 Wh/(m
2*year) radiation on a 
flat collector tilted at an angle equal to the location latitude. 
Building constructions and fenestration parameters were optimized for each location by 
adoption of the ASHRAE 189.1-2009 standard provided by the OpenStudio Sketchup 
plug-in, in order to avoid any bias in the results due to oversight of these details.  
 
 
Figure 3.16 – The small office model used for the parametric runs with constructions optimized for 
the different locations (WWR = 0.15) 
 
All the above listed simulations were performed twice in order to compare the initial 
“baseline” cases with a “best practice” daylight harvesting system installed in the space, 
the  latter  being  simulated  by  the  addition  of  lighting  controls  and  electrochromic 
windows  in  EnergyPlus.  Figure  3.16  depicts  the  small  office  model  used  for  the 
simulations, in its initial conditions with 0.15 WWR value and with the arrangement of 
daylighting controls to monitor daylight illuminance values in the space.  
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The output variables for the 108 resulting simulations were: 
•  Lighting load; 
•  District cooling load; 
•  District heating load. 
For  the  HVAC  system,  the  simplified  “ideal  loads”  were  considered  instead  of  a 
customized  HVAC,  due  to  huge  increase  in  model  complexity  and  simulation  times 
which was not considered necessary due to the high level perspective of the modeling 
goals. In order to reflect the impact of cooling loads on electricity consumption, a COP 
of 4 was assumed for the cooling system. Relative and absolute values of lighting and 
HVAC loads were checked for consistency by comparison with the DOE commercial 
building models, which will be commented more in depth in Chapter 4. 
Since the model aims to predict savings generated by daylighting solutions in different 
conditions, an analysis was performed in Microsoft Excel in order to assess the savings 
generated by the addition of lighting controls and electrochromic fenestration compared 
to the baseline cases for each set of LES, LER, WWR and location as input variables. 
The simulation approach is illustrated by the diagram in Figure 3.17: for every set of 
input variables combination, two runs are performed - with and without electrochromics 
and  daylighting  controls  -  and  savings  are  calculated  in  absolute  and  percentage 
values. 
 
 
Figure 3.17 – The parametric simulation process approach 
 
On the resulting output, a breakdown of absolute and relative savings calculated for all 
the  54  input  variables  combinations,  the  first  analysis  performed  was  to  check  the 
effect of each single input variable on the output, focusing initially only on lighting and 
cooling  loads  for  the  reasons  explained  in  the  introductory  part  of  this  dissertation. 
From the considerations above 
! !!! ! !!!"#!!"#!!!"!!!"#!  
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And, therefore, analyzing the impact of every single variable with all the other kept 
constants highlights the shape of the partial derivatives of “f”. To perform this analysis 
on the output dataset, for each input variable the parametric runs were divided into 
subgroups based on the variable value; then, a comparison was performed between 
the savings averages of the different groups, in order to understand the impact of a 
change in that variable on the overall lighting and cooling savings, both in absolute and 
in percentage values. Results are summarized in Table 3.2, where symbols has the 
same  meaning  described  above,  and  detailed  comments  with  graphs  are  in  the 
following pages. 
 
  Lighting savings  Cooling savings 
Variables  Absolute  %  Absolute  % 
WWR  +  +  ++  ++ 
LES  --  NO  --  -- 
LER  NO  NO  --  -- 
Location/Esun  -/NO  -/NO  -/NO  -- 
 
Table 3.2 – Impact of input variables on lighting and cooling savings: results of the simulation runs 
 
A  quick  comparative  analysis  to  the  previous  considerations  (Table  3.1)  highlights 
some initial conclusions: 
•  Lighting  savings  contain  a  higher  amount  of  information  if  considered  in 
absolute values: LES doesnʼt influence relative savings; 
•  Cooling  savings  contain  a  higher  amount  of  information  if  considered  in 
percentage  values:  cooling  savings  generated  by  light  dimming,  in  fact,  are 
constant in absolute values despite of location;  
•  Especially the “weak” dependent variables (indicated with “+” or “-“) are highly 
influenced  by  the  design  of  the  model  itself:  e.g.  the  influence  of  WWR  on 
lighting savings depends a lot on the daylight sensor location; 
•  In some cases, results should be corrected by analyst judgment: daylighting 
controls  happen  to  be  more  effective  in  Minneapolis  (58%  savings  average) 
compared to Phoenix (52%): this result needs to be verified by careful analysis 
of the simulation dynamics, since it might be affected by the model design; 
•  Most variables show the expected behavior.  
80 
Before going on with the model validation, the single graphs illustrating the behavior 
described in Table 3.2 are below reported with comments, in order to understand the 
peculiar dynamics relating every single parameter to the output. The following figures 
plot the effect of WWR, LES, LER and location on lighting and cooling savings: the blue 
line represents the effect in absolute values, while the red line is referred to trend in 
percentage. 
•  WWR  vs  Average  lighting  savings  (Figure  3.18):  Both  in  absolute  and 
percentage values the dependence is weak and could be highly influenced by 
the sensor placement in the building model. A higher level of daylight in the 
room, anyway, can give birth to higher lighting savings. 
 
 
 
Figure 3.18 – WWR vs average lighting savings 
 
•  WWR  vs  average  cooling  savings  (Figure  3.19):  In  absolute  values  the 
dependence is strong, because higher WWR values cause higher initial cooling 
loads. Even in percentage terms the dependence happens to be evident: this 
can be explained by the fact that cooling loads in the electrochromics scenarios 
are fairly constant and, therefore, not dependent on WWR, differently from initial 
cooling loads. 
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Figure 3.19 – WWR vs average cooling savings  
 
•  LES  vs  average  lighting  savings    (Figure  3.20):  in  absolute  values,  the 
dependence  is  strong  as  expected:  low  efficacy  light  sources  cause  initial 
lighting consumption to be higher and, therefore, daylight harvesting is able to 
yield  relevant  savings  in  absolute  values  by  dimming  artificial  lights  when 
daylight is available. This is also because savings in percentage values are 
totally independent from light sources efficacy, as clearly shown in the figure. 
With increasing efficacy of light sources savings inexorably diminish due to the 
already low initial energy consumption. 
 
 
 
Figure 3.20 – LES vs average lighting savings 
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•  LES  vs  average  cooling  savings  (Figure  3.21):  strong  influence  in  absolute 
values  as  expected,  due  to  higher  initial  cooling  loads  caused  by  inefficient 
lighting system. The same influence is seen in percentage values as well due to 
the impact of lighting heat gains on cooling loads. 
 
 
 
Figure 3.21 – LES vs average cooling savings  
•  LER vs average lighting savings (Figure 3.22): no influence as expected both in 
absolute and percentage values. A change in the solar gain from windows isnʼt 
expected to influence savings potential on the artificial lighting system. 
 
 
Figure 3.22 – LER vs average lighting savings  
0,0% 
10,0% 
20,0% 
30,0% 
40,0% 
50,0% 
60,0% 
70,0% 
0,000 
2,000 
4,000 
6,000 
8,000 
10,000 
12,000 
14,000 
0  20  40  60  80  100  120  140  160 
%
 
G
J
 
LES [lm/W] 
LES vs average cooling savings 
ABS 
% 
0,0% 
10,0% 
20,0% 
30,0% 
40,0% 
50,0% 
60,0% 
0,000 
2,000 
4,000 
6,000 
8,000 
10,000 
12,000 
14,000 
16,000 
18,000 
0  50  100  150  200  250  300 
%
 
G
J
 
LER [lm/W] 
LER vs. average lighting savings 
ABS 
%  
83 
•  LER vs average cooling savings (Figure 3.23): strong influence, due to higher 
initial  cooling  loads,  both  in  absolute  and  percentage  values.  Dynamics  are 
thoroughly explained in sub-paragraph 4.1.2. 
 
  
Figure 3.23 – LER vs. average cooling savings  
 
•  Esun vs  average  lighting  savings  (Figure  3.24):  in  the  simulation,  this  is  the 
difference of average lighting savings in different locations. As stated before, 
deeper investigation should be made to understand which is the impact of the 
specific building model design on this weak dependence. Same consideration 
holds for results in percentage values. 
 
 
Figure 3.24 – Esun vs average lighting savings 
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•  Esun vs  average  cooling  savings  (Figure  3.25):  In  absolute  values,  the  curve 
mostly reflects the contribution deriving from lighting heat gain reduction due to 
dimming and from electrochromic windows addition. Accounting for these two 
components,  the  curve  suggests  independence  of  absolute  cooling  savings 
from  building  location.  Percentage  values  are,  on  the  other  hand,  highly 
impacted because the absolute reduction in heat gains from lights has a totally 
different relative impact in hot and cold climates, being the absolute values of 
cooling loads of different magnitudes. 
 
  
 
 Figure 3.25 - Esunvs average cooling savings  
 
3.4.3.Model validation and optimization 
The  simulation  process,  as  shown  in  the  comments  above,  generally  confirms  the 
trends at the partial derivatives which were taken as assumptions during the model 
creation in the first part of the present dissertation. The litmus paper of the analysis is, 
therefore,  the  comparison  of  the  parametric  runs  results  with  the  model  itself.  To 
perform this analysis an Excel macro was written in order to automatically generate all 
the  permutation  of  variable  values  and  calculate  respectively  X,  Z  and  f  (X,Z).  To 
equally  weight  the  different  variables  impact  within  the  model,  normalization  was 
performed in order to express X and Z on a 0 to 1 scale. The following graphs collect 
the main results: 
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•  X vs lighting savings (Figure 3.26): there is an almost perfect fit between the 
dataset and the curve, meaning that savings on lighting depends closely on 
lighting systems luminous efficacy. 
 
 
Figure 3.26 – X vs lighting savings 
 
•  Z vs cooling savings in absolute values (Figure 3.27): there is a good fit, which 
seems to confirm the fact of not including location in the Z function, as noticed 
some pages above. Investigation should be made to improve the model. 
 
 
Figure 3.27 – Z vs cooling savings in absolute values 
R² = 0,99259 
0,00 
10,00 
20,00 
30,00 
40,00 
50,00 
0,00  0,20  0,40  0,60  0,80  1,00 
G
J
 
X 
X vs Lighting savings 
R² = 0,76315 
0,000 
2,000 
4,000 
6,000 
8,000 
10,000 
12,000 
14,000 
16,000 
18,000 
20,000 
0,000  0,200  0,400  0,600  0,800  1,000 
G
J
 
Z 
Z vs Cooling savings (absolute values)  
86 
•  Z  vs  cooling  savings  in  relative  values  (Figure  3.28):  the  graph  shows  the 
influence of location by scattering the data into two groups. If Esun is included in 
the  “Z”  function  denominator,  then  the  groups  get  closer  in  this  graph,  and 
become scattered though in Figure 3.27. 
 
Figure 3.28 – Z vs cooling savings in percentage values 
•  f(X,Z) vs total savings (sum of lighting and cooling) in relative values (Figure 
3.29): the graph shows a very good linear relation between the model and the 
dataset. 
 
Figure 3.29 – f (X,Z) vs total savings in absolute values 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
0,000  0,100  0,200  0,300  0,400  0,500  0,600  0,700  0,800  0,900  1,000 
Z 
Z vs cooling savings in percentage values 
R² = 0,94425 
0,000 
10,000 
20,000 
30,000 
40,000 
50,000 
60,000 
70,000 
0,000  0,500  1,000  1,500  2,000  2,500 
G
J
 
f (X,Z) = X + Z 
f(X,Z) vs Total savings (lighting + cooling)  
87 
As indicated in the comment of the curve in Figure 3.27 a need emerged for further 
investigation in order to understand which were the values causing the not perfect fit of 
the function: the values with the highest R
2 were identified to be the simulations with 
incandescent light sources, spectrally selective glazing windows located Minneapolis 
(MN). This and other considerations brought then to an adaptation of the model for the 
part concerning the “Z” function, which became: 
! !
!!"
!"#
!
!
!"#
! ! ! !!" 
Thus  giving  a  heavier  weight  to  LES  and  grouping  together  the  daylight-related 
parameters WWR and LER. This led to a new equation for F (X, Z, $el): 
! !!!!!!" ! ! !"#!!"#!!!"!!!" ! ! !!! ! !!" ! ! ! ! ! !!" !
!
!!"
!"#
!
!
!"#
! ! ! !!" ! !!" !
!!
!! !
!
!!
!
!
!!  
To further validate the model, this formula was applied and consistency was checked 
by adding to the dataset a new simulation batch ran for another location, Baltimore 
(MD),  with  an  intermediate  climate  between  Phoenix  and  Minneapolis.  Results  are 
shown  in  Figure  3.30  and  Figure  3.31  respectively  for  cooling  savings  and  total 
savings: the graphs highlight an improved fitting of the model to the simulation data. 
 
 
Figure 3.30 – Z vs cooling savings: fitting is improved after including simulations for Baltimore 
(MD) and modifying the model 
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Figure 3.31 – f (X, Z) vs total savings 
 
After having proved the validity of the model in its energy savings prediction capabilities, 
the cost of electricity variable was added as a multiplier to the equation: 
! !!!!!!" ! !!!"#!!"#!!!"!!!"! ! ! !!! ! !!" 
As  shown  before  F  (X,  Z,  $el)  is  expressed  in  [$/m
2]  and  therefore,  after  further 
validation, could be used for comparison with $inv, the energy efficiency investment cost, 
to  evaluate  the  economic  and  financial  impact  of  energy  efficiency  measures. 
Assuming  a  constant  cost  of  electricity  of  0.13  $/kWh,  Figure  3.32  expresses  this 
economic metric dependence on the different initial conditions, showing how the model 
predictions result in economic savings. Every data point is labeled in order to indicate 
the initial conditions associated with it: the label is in the format “Type of light sources – 
glazing – WWR”, where the three parameters are varying on the values listed at the 
beginning of the paragraph. 
Including the cost of electricity as a variable itself, the model reaches its final shape, 
with f (X, Z) predicting the total savings of the energy efficiency measure based on the 
initial  conditions  for  the  examined  variables  (LES,  LER,  WWR),  and  the  cost  of 
electricity acting as a multiplier to transform these savings into economics and compare 
them to energy efficiency measures investment costs.   
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Figure 3.32 – The linear model f (X,Z) predicting daylight harvesting energy savings, with labels 
indicating the different initial conditions [$el = 0.13 $/kWh] 
 
Figure 3.33 shows a first surface plot of the three-dimensional function resulting from 
the model. 
The model shows a consistent behavior in predicting savings deriving from daylight 
harvesting  solutions  with  different  systems  initial  conditions.  Future  developments 
include: 
•  An extension of the analysis including effect on heating loads; 
•  Usage of more complex and realistic building models for simulation in order to 
get values closer to real applications; 
•  Creation of graphs and multivariable software tools to quickly evaluate daylight 
harvesting effectiveness and support decision- and policy-making. 
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Figure 3.33 – F (X, Z, $el) with f (X, Z), linearly related to lighting and cooling savings on one axis, 
and the cost of electricity on the other axis 
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CHAPTER 4 
Dynamic fenestration systems: savings potential 
and optimization 
 
In the previous chapter static and dynamic solutions, such as electrochromic windows 
and  louvered  skylights,  have  been  presented  as  solutions  for  energy  efficient 
fenestration  systems,  providing  additional  contributions  over  savings  generated  by 
lighting controls. “Dynamic fenestration systems” is a term used in the present contest 
to define all solutions able to dynamically control VLT (Visible Light Transmittance): 
since VLT and SHGC (Solar Heat Gain Coefficient) are, in practice, linearly related 
within the same fractional range, it is assumed, except when particular coatings (e.g. 
Low-E) are deployed, that these two coefficients have the same values. 
The present chapter aims at assessing the savings potential of dynamic fenestration 
systems  for  daylight  harvesting  applications  and  their  impact  on  occupantsʼ v i s u a l  
comfort. Although the dissertation applies to all the devices featuring the previously 
described property, the focus of the analysis is mostly on electrochromic glazing and 
dynamic  louvered  solutions,  which  are  the  most  promising  approaches  to  energy 
savings respectively for windows and skylights. 
In Chapter 3 a high-level parametric analysis assessed the savings potential of best 
practice  daylighting  solutions  (i.e.  daylighting  controls  with  electrochromic  windows) 
with different sets of buildings initial conditions. The high-level approach and the goal of 
the analysis itself required simplifications in the simulation process by using a simple 
building model, idealized controls and “ideal loads” calculation for HVAC. The present 
analysis begins with a similar simplified approach and then simulates more realistic 
conditions through the use of DOE validated building models and advanced controls 
with the Building Controls Virtual Test Bed (BCVTB).  
To sum up, the additional elements taken into consideration are: 
•  Effects of dynamic fenestration and lighting controls on heating loads; 
•  Model  validation  through  usage  of  DOE  validated  building  models  and 
comparison with real buildings energy consumption databases; 
•  Advanced  shading  control  algorithms  with  consideration  of  lighting  levels, 
HVAC loads, occupancy, glare.  
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Simulation results are compared to literature studies of dynamic fenestration systems 
impact on building energy savings. 
Daylighting devices are more and more deployed on a wider scale for energy efficiency, 
but  huge  improvements  need  to  be  done  under  their  characterization  parameters 
definition. The last paragraph deals with this issue, i.e. the definition of new standards 
and measurement procedures for daylighting devices testing, with a particular focus on 
dynamic fenestration systems. At the UC Davis California Lighting Technology Center 
a new method based on the use of the integrating sphere to evaluate light throughput 
has been conceptualized and built: first results are available from preliminary testing 
and are reported in the conclusive paragraph. 
4.1.Energy impact modeling 
In order to analyze the impact of electrochromic windows on buildings overall energy 
consumption, the following steps are performed: 
•  Literature review: summary of most relevant studies on electrochromic windows 
and their results; 
•  “small office with skylight”: simulation of idealized “simple box” building with a 
skylight  on  the  top.  Similar  to  the  analysis  in  Chapter  3,  this  simulation 
assesses  the  general  impact  dynamics  of  electrochromic  fenestration  on 
buildings energy consumption; 
•  DOE commercial building reference models: the modeling is “brought into reality” 
through the usage of DOE validated model and comparison with real buildings 
consumption databases; 
•  Algorithms implemented in the BCVTB to simulate real shading controls. 
For  each  of  the  aforementioned  steps,  simulation  runs  are  performed  in  different 
climates and results are reported. The study refers to electrochromic glazing, since 
they constitute the best example of dynamic fenestration systems but, as previously 
stated, it is valid for every daylighting device capable of dynamically controlling daylight 
transmittance into building spaces. 
4.1.1.Literature review 
The “windows and daylighting” group at Lawrence Berkeley National Lab [34] has been 
focusing on electrochromic technologies since their first appearance in the 1980s. Lee 
et al. [55] published in 2004 a report quantifying the potential impact of electrochromic 
windows in the commercial building sector. The same research group participated in a 
project  on  electrochromics,  which  culminated  in  2006  in  an  extensive  report  [56]  
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evaluating electrochromic windows properties and their impact on energy consumption 
and occupantsʼ visual comfort. Figure 4.1 illustrates one of the testing facilities at the 
LBNL laboratory. 
 
 
Figure 4.1 – The electrochromic windows testing facility at LBNL [56] 
 
The 2004 study was based on DOE-2.1E simulations predicting the annual energy use 
of a three-story prototypical commercial office building in five different US climates. 
Energy performance of electrochromic windows with and without daylighting controls 
and presence of shading devices was compared to conventional and best-practices 
fenestration to evaluate energy savings in day-lit perimeter zones. 
In general, results in comparison to spectrally selective Low-E glazing with daylighting 
controls yielded to: 
•  5-9% savings in the South perimeter zones; 
•  5% savings in the other zones in most climates. 
For the interest of the analysis, Table 4.1 summarizes the results claimed in the report 
for total primary annual energy use percentage savings, with electrochromic windows 
case compared to a baseline with ASHRAE 90.1-1999 prescribed windows for different 
climates and WWR values of 0.30 and 0.60. 
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Location 
%Savings (WWR = 0.30)  %Savings (WWR = 0.60) 
N  E  S  W  N  E  S  W 
Minneapolis, MN  3.6  5.5  8.7  6.8  0.6  -6.0  -2.0  -2.6 
Baltimore, MD  2.9  4.9  8.2  5.0  -1.5  -7.3  -4.1  -5.3 
Phoenix, AZ  7.1  0.7  -0.4  1.7  6.4  -3.7  -6.7  -2.2 
 
Table 4.1 – Results of 2004 LBNL study on EC windows: total percentage primary energy savings 
compared to ASHRAE 90.1-1999 standard in daylit perimeter zones [55] 
 
The report doesnʼt provide details about the breakdown of total savings into cooling, 
ventilation  and  heating  loads.  The  table  shows  highly  unexpected  results:  with 
increasing  WWR  electrochromic  windows  happen  to  have  a  negative  impact  on 
building primary energy consumption. As emerged by the parametric analysis, higher 
WWR should cause higher initial consumption and, therefore, higher savings due to EC 
glazing installation. The aforementioned result might be caused by increased heating 
loads due to electrochromic glazing, but heating loads are quite irrelevant in cooling 
dominated locations like Phoenix, AZ. 
The  highest  relative  impact  of  electrochromic  glazing  on  energy  consumption  is 
measured in Minneapolis, MN: this, as shown in the next pages, is surprising as well, 
since in cold climates the potential negative effect of electrochromic glazing on heating 
energy consumption should have a relevant weight. The table summarizes only a small 
fraction  of  the  extensive  cited  report,  but  results  show  dynamics  that  should  be 
carefully evaluated. 
The Pacific Northwest National Laboratory in 2010 performed a similar simulation study 
[57], where electrochromic windows performance was simulated in EnergyPlus v3.0 by 
using switchable glazing with the “MeetDaylightIlluminanceSetPoint” control function. 
Table 4.2 reports the simulation work results, averaging values for Northern locations 
(e.g. Baltimore, Minneapolis) and Southern locations (e.g. Phoenix), for two building 
models: small office (WWR = 20-24%) and medium office (WWR = 33%). As for the 
LBNL simulations, electrochromic windows are compared to a baseline scenario with 
ASHRAE 90.1 windows installed and no lighting controls. Unfortunately, electrochromic 
glazing  fenestrations  were  only  modeled  together  with  lighting  controls,  thus  not 
discerning  between  HVAC  savings  generated  by  lights  dimming  from  the  ones 
generated by dynamic glazing alone.  
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  Lighting Sav%  Cooling Sav%  Heating Sav%  Total Sav. % 
Small Office         
North regions  18-20%  8-10%  0/-2%  3-4% 
South regions  15-20%  5-10%  -3/-7%  4-6% 
Medium Office         
North regions  9-10%  15-17%  NA  4-5% 
South regions  10-12%  8-10%  NA  4-5% 
 
Table 4.2 – Impact Lighting and HVAC of EC glazing and lighting controls vs ASHRAE 90.1 
baseline case, averaged for Northern and Southern regions [57] 
 
The electrochromic glazing are simulated limiting SHGC  upper  value  to  the  highest 
allowed by ASHRAE 90.1 requirements: this limits the savings potential of dynamic 
fenestration, especially for what concerns heating loads, not allowing to exploit all the 
possible  range  of  values.  In  fact,  having  the  possibility  to  exploit  higher  values  for 
SHGC could allow more heat in during heating seasons, thus allowing for more savings.  
As stated before, Table 4.1 and 4.2 are not directly comparable because the second 
one  doesnʼt  distinguish  between  the  impact  of  electrochromic  glazing  and  lighting 
controls on HVAC load profiles.  
From the allowed comparison, though, it can be seen that the medium office, with a 
higher WWR compared to the small office, shows higher relative cooling savings even 
despite lower lighting savings, in opposite tendency to the output obtained by LBNL 
researchers. Other two considerations emerge from analysis of numbers in Table 4.2: 
•  Lighting savings percentage very low compared to daylight harvesting practice, 
where savings which can easily reach 30-50% for the whole building: this could 
influence the moderate total savings obtained; 
•  Potential  negative  effects  of  electrochromic  glazing  fenestration  systems  on 
heating loads. 
To  sum  up,  the  analyzed  reports  gave  some  insights  into  the  savings  potential  of 
electrochromic glazing, both giving in output mediocre (and even negative) values for 
total savings. The simulating environments adopted for the two simulation works are 
respectively  DOE-2.1E  and  EnergyPlus  v.3.0,  much  older  than  the  software 
(EnergyPlus v7.1) adopted for the energy modeling in the present work. By increasing 
steps  of  complexity  and  realism,  the  following  attempts  to  evaluate  electrochromic 
glazing performance in different climates with more modern and sophisticated tools.  
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4.1.2.Small office with electrochromic skylight 
In order to gather a first understanding of how the different variables play together 
within simulation runs, a very simple building model was simulated, i.e. a 25 m
2 office 
space with a 1 m
2 skylight on top designed in Google Sketchup. A rule of thumb in 
daylighting states that apertures on buildings roofs provide about three times higher 
daylighting contribution compared to windows. This simple office, with a SRR (Skylight-
to-Roof ratio) of 4% could therefore be compared to a building with a relatively low 12% 
WWR. The use of a skylight for the simulation is chosen as well in order to answer the 
questions arisen throughout the presentation of the Walmart case study in Chapter 3.  
 
 
Figure 4.2 – The small office with electrochromic skylight used for the EnergyPlus simulations 
 
The small office space depicted in Figure 4.2 was modeled in Google Sketchup with 
the Openstudio 0.7 plug-in, which provides customized construction types for different 
climate zones, and exported in EnergyPlus v7.1 for the simulations runs.  
The building model presents the following characteristics: 
•  Constructions are chosen and optimized for three different climates: Phoenix 
(AZ), Baltimore (MD) and Minneapolis (MN), respectively located in EnergyPlus 
US climate zones 2, 4 and 6 (Figure 3.12).  
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•  Fluorescent light bulbs (10.76 W/m
2) are continuously dimmed on a 20%-100% 
dimming scale in order to maintain 500 lux illuminance at a daylighting control 
point  located  in  the  center  of  the  space  at  0.8  m  height.  A  second  lighting 
control point was located just under the skylight to provide additional control. 
•  For HVAC systems “ideal loads” simplification was used, and a COP of 4 was 
assumed for cooling loads in order to translate them into electricity demand. 
•  The skylight is simulated through a double-glazed flat window, with a thin air 
layer separating the two glazing. The external 3 mm thick layer for the baseline 
case is chosen accordingly to ASHRAE 90.1 (2004) standard and optimized for 
the three different locations. The internal 1 mm thick layer is a transparent (VLT 
=  SHGC  =  1)  surface  utilized  mainly  for  the  purpose  of  having  a  diffusive 
daylight  distribution  inside  the  building,  with  the  maximum  illuminance  value 
always at the daylighting control point (Figure 4.3). 
 
 
Figure 4.3 – The internal diffusive layer maintains a constant distribution of daylight on the 
workplane, with the maximum illuminance value on the lighting control point 
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•  Electrochromic  glazing  effect  is  simulated  with  switchable  glazing  using  the 
previously  mentioned  “MeetDaylightIlluminanceSetPoint”  function.  When 
electrochromics are simulated, the ASHRAE standard external layer is replaced 
by  a  theoretical  glazing  varying  continuously  between  a  clear  state 
(VLT=SHGC=1) and a fully tinted state (VLT=SHGC=0) in order to maintain 500 
lux illuminance value at the reference point. VLT and SHGC are assumed to 
have always the same value for the previously mentioned reasons. Figure 4.4 
shows  how  light  transmittance  varies  throughout  a  day  of  simulation,  while 
Figure 4.5 illustrates how 500 lux illuminance is successfully maintained. 
 
Figure 4.4 – VLT and SHGC variation throughout a day of simulation. Variation is achieved by the 
continuous switching between a clear and tinted state of a glazing 
 
Figure 4.5 – MeetDaylightIlluminanceSetPoint function maintains 500 lux at the reference point  
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On the model presenting the characteristics described above the following simulation 
runs where repeated for each of the three locations, by adding step by step additional 
elements: 
1.  Without  skylights:  initial  conditions  are  assessed  by  evaluating  lighting  and 
HVAC loads without the skylight on the roof; 
2.  Only skylight: the 1 m
2 skylight is created on the roof with ASHRAE 90.1-2004 
compliant properties; 
3.  Only controls: daylighting controls are enabled; 
4.  Electrochromic  windows  and  lighting  controls:  the 
MeetDaylightIlluminanceSetPoint function is enabled and the ASHRAE skylight 
is replaced by the ideal electrochromic glazing described above; 
5.  Electrochromic  windows  and  lighting  controls  (only  summer):  scheduling  is 
deployed to disable electrochromic during summer in order to evaluate effects 
on HVAC loads. 
As a note, comparison between cases 1 and 3 basically reproduces in small scale the 
Walmart case, where the building envelope is broken in order to install skylights and 
lighting controls. 
Results of these first simulation runs are reported in Table 4.3 with a breakdown of 
lighting and HVAC consumption. Percentage values for cases 3, 4, 5 are relative to 
case 2, since case 1 represents a closed building without any fenestration aperture.  
As a general comment to the simulation output, the simplifications introduced in the 
modeling phase suggest that results should be considered under a relative point of 
view,  i.e.  to  determine  how  lighting  controls  and  electrochromics  affect  lighting  and 
HVAC consumption in different locations in terms of trends, but absolute values should 
be  carefully  evaluated:  “ideal  loads”  simplification  for  HVAC  system,  for  example, 
makes comparison between absolute values of lighting, cooling and heating loads quite 
difficult, and therefore total energy consumption in absolute values should be weighted 
by these considerations. Said this, the aforementioned analysis gives some important 
indications: 
•  Being  the  space  uniformly  daylit  by  the  skylight,  lighting  controls  produce  a 
substantial saving on lighting consumption (58-60%), which has a consequent 
positive effect on cooling loads and negative effect on heating loads, due to lack 
of  lighting  heat  gain  contribution. 
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Table 4.3 – EnergyPlus annual simulation runs output for the small office with skylight model 
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•  Positive impact of electrochromic windows on cooling consumption giving an 
additional contribution over lighting controls generated savings, which seems to 
be quite regular in absolute values: 0.28 GJ are saved in Phoenix hot climate, 
0.15 GJ for both Baltimore and Minneapolis colder climates, resulting in much 
higher percentage contributions for colder climates (5.8% to 34%). On average, 
savings are higher than values obtained in literature. 
•  Negative impact of electrochromic windows on heating consumption, giving an 
additional contribution over lighting controls generated increased loads, which 
seems to be quite constant in percentage values, since values are oscillating 
between 13% and 14% in the three different climates. 
•  Positive  overall  effect  obtained  if  using  electrochromic  windows  only  during 
summer,  i.e.  disabling  them  during  the  heating  season.  This  leads  to  a 
reduction  of  cooling  savings  but,  on  average,  a  larger  increase  on  heating 
savings. 
As previously stated, comparison between absolute values and, therefore, total savings 
might  be  highly  influenced  by  the  modeling  process  itself.  Anyway,  results  clearly 
confirm  how  in  hot  climates  the  combination  of  daylighting  controls  and  dynamic 
fenestration systems is the best practice for daylighting. 
Particular attention should be given, though, to the effect on heating savings in heating 
dominated climates: substantial increase of heating loads can be disastrous, as it is 
shown by the example in Minneapolis, where deployment of electrochromic technology 
has such a negative effect that it ends up bringing overall savings back to the original 
case with the ASHRAE compliant fenestration installed. Careful algorithm optimization 
needs  to  be  performed,  for  example  by  considering  switching  off  electrochromics 
during winter. The cost of electricity and cost of source used for heating (e.g. natural 
gas) shall be also accounted for: as a rule of thumb, if natural gas costs about a third 
compared to electricity, heating penalization is highly reduced in terms of costs, if the 
financial aspect is the ultimate goal of the energy assessment. For example, deploying 
lighting controls and electrochromics in Minneapolis (case 4) leads to 1.69 GJ savings 
on lighting and 0.33 GJ on cooling loads, which in the total energy balance are nullified 
by a 2.01 GJ increase in heating consumption compared to the case with the ASHRAE 
compliant standard. Assuming a cost of electricity of 0.12 $/kWh (33 $/GJ) and a cost 
of  natural  gas  of  0.04  $/kWh  (11  $/GJ),  the  total  annual  energy  cost  for  the 
electrochromics and lighting controls case is 175 $, 20% lower compared to the 219  
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$ total cost of the initial case, this due to the lower impact of the heating penalization 
under the cost analysis point of view. 
With regard to the Walmart case, many grocery stores are usually in the conditions 
described by case 1, single-story buildings with no skylights or windows and artificial 
lighting systems. It can be seen how breaking the building envelope (case 2) to install 
skylights has an obvious negative effect on the building energy balance. The addition 
of lighting controls though (case 3), leads to lighting and cooling savings, which are 
generally  higher  than  heating  penalizations.  In  heating  dominated  climates,  though, 
heating penalization is consistent and suggests careful analysis to assess daylighting 
effectiveness, together with SRR optimization procedures for different climates. 
4.1.3.Model validation: DOE reference models 
The simulation runs in the parametric analysis and the small office with skylight study 
gave first relevant indications. The goal was then to “bring the model into reality” as a 
further  step  in  order  to  get  results  consistent  with  real  world  buildings.  The  main 
features necessary to simulate real buildings were identified in: 
•  HVAC system detailed design to replace “ideal loads” simplification; 
•  Real scale buildings with typical WWR and SRR ratios. 
The main goal was obtaining numbers, which could validate the modeling in absolute 
values, having consistent ratios between lighting, cooling and heating loads. 
4.1.3.1.The DOE commercial building initiative 
To reach the above mentioned goals a useful dataset can be found in the CEUS and 
CBECS databases. 
The California Commercial End-use Survey (CEUS, [58]) is a comprehensive study of 
commercial  sector  energy  use,  primarily  designed  to  support  the  stateʼs  energy 
demand forecasting activities, and therefore provides data only for California buildings. 
The  US  Energy  Information  Administration  (EIA)  has  a  similar  database,  the 
Commercial Buildings Energy Consumption Survey [59], which gives the same data on 
national  scale.  As  a  search  engine  for  these  databases,  researchers  at  Lawrence 
Berkeley  National  Lab  developed  an  online  free  tool  called  EnergyIQ  [60],  which 
provides  an  easy-to-use  web  interface  for  benchmarking  queries  on  these  two 
databases. 
The  US  Department  of  Energy  (DOE),  within  the  framework  of  the  so-called 
“Commercial Building Initiative” [61], in 2008 published a set of “standard or reference 
energy models for the most common commercial buildings to serve as a starting point  
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for  energy  efficiency  research.  The  models  represent  reasonably  realistic  building 
characteristics and construction practices” [62] optimized for different US climates. 
This  initiative  provides  256  constantly  updated  EnergyPlus  building  models  files, 
divided  into  16  different  commercial  building  types  optimized  for  16  different  US 
locations. Figure 4.6 represents the small and medium office reference models, which 
are designed with typical HVAC systems and construction types (including fenestration 
systems)  in  compliance  with  the  ANSI/ASHRAE/IESNA  Standard  90.1-2004.  The 
following paragraph performs simulations on these building models in order to evaluate 
the impact of electrochromics and lighting controls on real buildings. 
 
 
Figure 4.6 – DOE reference models for medium and small office buildings [61] 
 
4.1.3.2.DOE validated small office building 
After an analysis of the available building models, due to the long simulation times and 
model adaptation complexity the choice was to perform the simulation runs for two 
building models in the opposite climate conditions of Phoenix (AZ) and Minneapolis 
(MN), respectively representing extreme examples for cooling and heating dominated 
locations.  The  DOE  validated  small  office  reference  model  provides  optimized 
constructions  types  for  both  these  locations  according  to  the  ASHRAE  90.1-2004 
standard. The small office model is a single-story building with a main core zone, four 
daylit perimeter zones and 21.2% WWR. The EnergyPlus model presents the following 
characteristics  in  comparison  to  the  small  office  with  skylight  previously  analyzed 
building: 
•  The HVAC system is designed in detail, with electricity for cooling loads and 
natural gas for heating. This is, of course, a more realistic situation than “ideal 
loads” simplification with ideal COP to account for electricity loads.  
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•  Windows were modeled in the DOE validated reference model by usage of the 
EnergyPlus “simple glazing” object, which is a simpler solution compared to the 
previously  adopted  two-layer  construction.  In  order  to  obtain  a  coherent 
comparison  with  the  DOE  validated  building  model,  “simple  glazing”  is  also 
used to simulate the clear and tinted states of the electrochromic windows. 
•  Illuminance maps and daylighting controls are deployed in the four perimeter 
zones. Each control point serves as illuminance calculation reference for the 
relative  perimeter  zone.  This  data  is  used  in  the  framework  of  the 
MeetDaylightIlluminanceSetPoint  control  function  to  model  electrochromic 
windows  by  the  previously  illustrated  switchable  glazing  solution:  for  every 
perimeter  zone,  the  VLT  of  the  glazing  is  continuously  adapted  in  order  to 
maintain 500 lux illuminance at the reference point. The change in the glazing 
transmittance doesnʼt take into account any other parameter except illuminance 
value (occupancy, glare, thermostat status,…). 
Figure  4.7  represents  a  section  top  view  of  the  building  model,  evidencing  ratio 
between core and perimeter zones, illuminance maps and daylighting control points 
deployment within the building space. 
 
 
Figure 4.7 – Section top view of the DOE validated small office building model with detail on 
daylighting controls and illuminance maps deployment in the perimeter zones 
 
On the described building models four different simulation runs were performed for 
each location:  
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1.  Reference model: windows compliant with the ASHRAE 90.1 (2004) standard 
requirements. Results obtained are the same originally validated by DOE with 
EnergyPlus v5.0. 
2.  Daylighting  controls:  Daylighting  controls  are  enabled  with  the  ASHRAE 
compliant windows; 
3.  Electrochromic  windows  and  lighting  controls:  the 
MeetDaylightIlluminanceSetPoint function is enabled and the ASHRAE windows 
are replaced by the ideal electrochromic glazing described above; 
4.  Electrochromic  windows  and  lighting  controls  (only  summer):  optimized 
scheduling for the two climates is deployed to disable electrochromics during 
winter in order to evaluate effects on HVAC loads. 
Table  4.4  reports  the  simulation  runs  results  calculating  savings  compared  to  the 
baseline case. The main difference with the small office with skylight case is that, being 
the initial energy consumption data validated, in this case absolute values and total 
building energy consumption data can be accounted for as realistic. Simulation output 
suggests the following conclusions: 
•  Lighting energy savings are similar in the two locations and are constrained in a 
35-41% range, with positive contributions of electrochromics. Savings are lower 
than in the previous simulation runs due to the fact that only perimeter zones 
can benefit from daylight harvesting. HVAC system is consequently influenced 
by the reduction of lighting heat gains contribution; 
•  Electrochromics have a positive effect on cooling savings resulting in 5.81 GJ 
saved in Phoenix and 2.32 GJ in Minneapolis over lighting controls contribution. 
In  percentage  values,  cooling  savings  due  to  electrochromics  are  10%  in 
Phoenix and 21% in Minneapolis. 
•  Electrochromics have a negative effect on heating loads resulting in 1.49 GJ 
additional consumption over lighting controls effect in Phoenix and 11.3 GJ in 
Minneapolis.  In  relative  values,  increase  is  14%  in  Phoenix  and  11%  in 
Minneapolis, confirming the previously noticed fact that heating penalizations 
seem to be fairly constant in percentage values. 
•  Using  electrochromics  only  during  cooling  season  helps  reducing  heating 
penalization. The effect is particularly evident since, if electrochromics are left in 
their clear state in winter, the higher SHGC of 0.65 compared to the 0.39 value 
recommended by ASHRAE standard leads to heating loads lower than the ones 
obtained after the addition of lighting controls to the baseline case.  
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Table 4.4 – EnergyPlus output for the DOE validated small office reference model 
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These  detailed  simulations  confirm  the  output  of  the  first  simulation  runs:  dynamic 
fenestration systems represent a best-practice solution for daylighting in all climates, 
but  careful  attention  in  the  design  phase  is  required  in  order  to  avoid  disastrous 
combinations.  A  clear  example  is  case  3  in  the  cold  climate  of  Minneapolis:  with 
electrochromics  and  lighting  controls  deployed  all  over  the  year,  heating  loads  are 
increased to an extent that they end up resulting in a worst total energy consumption 
situation compared to case 2, where only daylighting controls are enabled. 
Disabling electrochromics in winter is a simple solution to show the impact of a careful 
design approach, but of course this would need to be evaluated by taking into account 
the excessive illuminance in the space, which is likely to generate glare and discomfort 
for occupants. 
Total energy consumption results show 31.86 GJ (25%) savings in hot climates and 
22.21  GJ  (13%)  in  cold  climates  by  the  combinations  of  daylighting  controls  and 
dynamic fenestration systems. Total effect of electrochromic windows alone results in 
9.33 GJ (9%) savings in hot climates and 9.38 GJ (6%) savings in cold climates. Data 
indicate as well how savings are constant in absolute values, a fact confirming what 
emerged during the parametric simulations in the previous Chapter.  
Savings obtained are higher than results shown in literature, especially if taking into 
account that results in Table 4.4 are referred to the overall building energy balance and 
not limited only to the perimeter daylit zones.  
4.1.4.Dynamic fenestration control in the BCVTB 
All  the  previous  EnergyPlus  runs  were  simulating  electrochromics  with  switchable 
glazing  continuously  varying  between  a  clear  and  a  dark  state  according  to  the 
MeetDaylightIlluminanceSetPoint control function, i.e. based on the illuminance levels 
inside  the  space.  If  this  modeling  strategy  has  certainly  shown  its  validity  in  giving 
insights  about  dynamic  fenestration  systems  maximum  savings  potential,  it  doesnʼt 
exactly recreate a real building situation accounting for all its variables: for example, if 
during the heating season electrochromics are always set to their clear state, this can 
create discomfort glare for occupants. At the same time, when spaces are unoccupied 
thereʼs  no  issue  concerning  visual  comfort  and,  therefore,  electrochromics  can  be 
disabled, thus maximizing the heat gain from windows to reduce heating loads. 
As described in the modeling toolbox definition, the Building Control Virtual Test Bed 
(BCVTB) is a powerful innovative tool which allows experienced users to create custom 
control algorithms in EnergyPlus, overwriting at every timestep of the annual energy 
simulation selected variables through devices called “actuators”. In this case, newly  
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introduced (since EnergyPlus v7.1) actuators were used, allowing to change between 
different  construction  sets  according  to  user  defined  algorithms.  Since  in  real 
applications electrochromics tint varies on a set of discrete states, four different layers 
were created for all the windows, with the following characteristics: 
•  Clear: VLT = SHGC = 0.65; 
•  Tinted 10%: VLT = SHGC = 0.10; 
•  Tinted 2.5%: VLT = SHGC = 0.025; 
•  Fully tinted: VLT = SHGC = 0. 
These  different  construction  states  were  set  at  every  timestep  according  to  the 
algorithm represented in Figure 4.8, representing the control strategy implemented in 
all the four daylit perimeter zones. 
The algorithm running in the BCVTB reads from the EnergyPlus external interface at 
every 15 minute timestep the following variables for each of the four perimeter zones: 
•  Daylight illuminance level at the control point; 
•  Glare index at the control point; 
•  Zone occupancy level; 
•  Zone mean air temperature; 
•  Zone thermostat heating setpoint. 
Thus, the algorithm checks if the illuminance is above or below a set value, the glare 
index accounting for occupantsʼ visual comfort, if the space is occupied and whether 
the HVAC has any heating load. According to these four data, it selects which of the 
four available window constructions should be deployed in the zone according to the 
flowchart  represented in the figure. This perfectly reproduces what happens in real 
buildings,  where  one  of  the  discrete  states  available  for  electrochromic  glazing  is 
selected according to algorithms implemented by producers. After the calculation is 
performed,  the  status  of  each  window  is  set  through  actuators  controlled  by  the 
external interface in EnergyPlus and the new window constructions are used to perform 
daylighting and heat transfer calculations for the following timestep. Figure 4.9 shows 
the change of daylight illuminance level as result of the window state modification. 
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Figure 4.8 – Screenshot from the BCVTB showing the control algorithm running at every EnergyPlus timestep simulation in order to decide which glazing state 
should be deployed to maximize energy efficiency and occupants visual comfort 
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Figure 4.9 – Daylight illuminance at the control points vs electrochromic window state 
 
The  figure  represents  three  workdays  in  the  office  space,  i.e.  when  occupants  are 
present: the electrochromic window is in its clear state in the morning, until daylight 
reaches values higher than 500 lux and becomes glary as well, so the 2.5% state is 
selected to enhance occupants visual comfort. In the afternoon, when daylight is not 
disturbing anymore, the 10% state is selected and more daylight is allowed into the 
building.  The  algorithm  clearly  gives  priority  to  occupantsʼ v i s u a l  c o m f o r t ,  s i n c e  
complete dark or clear states are deployed only when spaces are unoccupied. 
To test the effect of this control algorithm, which represents an extremely innovative 
and powerful approach to building energy modeling, a simulation run was performed 
through the BCVTB on the DOE validated small office building, using as location the 
Phoenix (AZ) hot climate. Results are reported in Table 4.5 which can be compared 
with results previously obtained for the same building (Table 4.4). 
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Table 4.5 – Results of the simulation using the control algorithm written with the BCVTB, 
compared to the baseline results for the DOE validated small office building model (Table 4.4) 
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As expected, taking into account occupantsʼ requirements and visual comfort reduces 
the  positive  effect  of  electrochromics  on  cooling  loads,  resulting  in  2.9  GJ  (5.2%) 
additional  contribution  over  lighting  controls  generated  savings.  Careful  algorithm 
design  reduces  though  the  negative  effect  on  heating  loads  to  a  0.33  GJ  (3.2%) 
increase  over  lighting  controls  generated  additional  loads.  The  resulting  effect  is  a 
slight  increase  in  the  total  building  energy  consumption  compared  to  the  maximum 
theoretical savings, but still substantial: 28.6 GJ (23%) is the total savings compared to 
the baseline case, and 6.07 GJ (5.9%) compared to lighting controls case. 
Considering that these values are referred to the whole building and not simply limited 
to  the  perimeter  zones,  results  obtained  by  the  above  energy  simulations  show,  in 
general, higher savings potential for dynamic fenestration compared to what is reported 
in literature. 
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4.2.Visual impact analysis 
Dynamic  fenestration  systems  are  reported  to  provide,  along  with  other  benefits, 
increased visual comfort for occupants. Glare is one of the main problems associated 
with daylighting, often leading to rejection by users or erroneous deployment of shading 
devices.  The  previously  performed  EnergyPlus  simulations  took  into  consideration 
glare  indices  calculated  at  the  daylighting  control  points.  Although  this  is  a  good 
approximation for annual energy analysis assessments, EnergyPlus is not meant to be 
a lighting analysis tool, and therefore daylighting and glare calculations are extremely 
simplified and not reliable for a detailed visual comfort analysis. As described in the 
modeling toolbox, Radiance is the most appropriate tool to perform this type of analysis, 
and for glare assessment a specific tool, “evalglare”, has been developed. The Ruby 
script  “ModeltoRad.rb”  included  in  the  Openstudio  plug-in  for  Google  Sketchup 
permitted to export the small office building geometry used for the previous simulations 
to  a  compatible  Radiance  format.  Figure  4.10  shows  the  output  of  the  program, 
consisting in the nude geometric model of the building. 
 
 
Figure 4.10 – The DOE validated small office building model geometry exported to Radiance with 
the script ModeltoRad.rb 
 
After the model was completed in Radiance with the addition of sky, sun and ground 
elements  for  Phoenix  at  noon  of  the  Autumn  Equinox  (September  23
rd),  a  glare 
analysis was performed on the building South perimeter zone. Figure 4.11 illustrates 
fish-eye Radiance views of the space at the variation of glazing transmittance values 
used for the analysis, and Figure 4.12 reports the same pictures after the “evalglare” 
analysis, with colors identifying possible glare sources.  
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Figure 4.11 – Fish-eye views of the small office South perimeter zone with different transmittance 
values for the electrochromic glazing  
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Figure 4.12 – “evalglare” analysis for same cases illustrated in Figure 4.11. Colors are used to 
identify possible glare sources.  
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As shown in the figures, eight different glazing VLT values where considered for the 
analysis. While pictures in Figure 4.11 give a qualitative indication of the electrochromic 
glazing performance, Figure 4.12 illustrates the functioning principle of evalglare: taking 
the HDR pictures generated by Radiance, the algorithm calculates glare indices and 
possible glare sources at the view point with respect to the workplane or task, which is 
defined by the user and represented by the blue dot. From the output it can be seen 
that no substantial difference is found until VLT values are higher than 20%, and all the 
windows  and  daylighting  first  reflection  points  in  the  space  are  likely  to  be  glare 
sources. Under 20% VLT values differences become more evident, and this usually 
corresponds to the first tinted state of commercially available electrochromic windows. 
A second substantial change can be seen when windows are turned to an almost dark 
state which is represented by the three last cases, with transmittance values lower or 
equal to 2.5% and the last glare sources to vanish being represented by the windows 
directly in the observer view.  
As for the glare indices calculation itself, as discussed in the previous chapter the most 
representative index in the so-called DGP (Daylight Glare Probability). Recalling the 
formula: 
!"# ! !!!" ! !"!!!! ! !!!" ! !"!! ! !
!!!! ! !!!!
!!
!!!" ! ! !
!
!
! !!!" 
where EV is the vertical illuminance at the eye, Ls is the luminance of the glare source, 
!s is the solid angle of the source and P is the position index of the source. DGP 
indicates the percentage of people in the space likely to be disturbed by glare. In the 
user  manual  for  the  “evalglare”  tool,  though,  itʼs  stated  that  DGP  calculations,  as 
performed by the software, become unreliable with values lower than 0.2, because they 
can underestimate glare sources. 
Since most of the values obtained in the analysis were close to or under this threshold 
and “evalglare” calculates a set of other glare indices, the Daylight Glare Index (DGI) 
was included in the analysis as well for two reasons: first of all, thereʼs no warning 
about its calculation unreliability with the adopted software tool and, secondly, it is the 
index  used  for  glare  calculations  in  EnergyPlus.  The  formula,  which  has  a  similar 
structure compared to the DGP index is: 
 
!"# ! !"!"# !!!"# !
!!!!
!!! ! !!!!
!!!
!! ! !!!"!!!! ! !! !
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where Ls is the luminance of the source, !s is the solid angle of the source, Lb is the 
average luminance of  the  surfaces  in  the  field  of  view,  Lw  is  the  weighted  average 
luminance of the window and " is the solid angle of the window. 
Being  both  the  indices  empirically  derived,  many  qualitative  studies  have  been 
performed with the goal of relating the aforementioned indices to qualitative indicators 
of the occupantsʼ visual comfort. Jakubiec and Reinhart in a recent study [63] used the 
criteria  reported  in  Table  4.6  to  evaluate  DGI  and  DGP  values  significance.  Other 
studies report lower limits for disturbing glare indices, usually with DGI values as low as 
20 or 22. 
 
  Imperceptible  Perceptible  Disturbing  Intolerable 
DGI  < 18  18-24  24-31  > 31 
DGP  < 0.3  0.3 – 0.35  0.35 – 0.4  > 0.4 
 
Table 4.6 –DGP and DGI predictions evaluation range [63] 
 
The  values  given  in  output  by  the  Radiance  “evalglare”  package  glare  indices 
calculations are reported in Table 4.7. 
 
VLT  DGI  DGP 
80%  27.1  0.278 
65%  26.6  0.266 
45%  25.5  0.25 
20%  23.16  (0.167) 
10%  21.19  (0.036) 
2.5%  17.92  (0.00637) 
1%  7.79  (0.004) 
0%  0  (0) 
 
Table 4.7 – DGP and DGI indices calculation with Radiance “evalglare” tool for the 8 cases 
illustrated in Figures 4.11 and 4.12 
 
The  DGI  output  shows  how  glare  enters  into  the  acceptable  range  only  when 
electrochromics have transmittance values lower than 20%, and become imperceptible 
with values lower than 2.5%, confirming the analysis previously performed. According  
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to DGP values (only three of them are acceptable since higher than 0.2) all cases 
should  be  imperceptible.  Careful  analysis  of  the  data  show  that  results  are  highly 
influenced  by  the  low  values  of  vertical  illuminance  at  the  view  point  taken  into 
consideration, causing the output to shift into the “imperceptible” region.  
The visual comfort analysis confirmed the positive effect of electrochromic windows on 
occupantsʼ visual comfort as additional benefit to higher energy savings allowed by the 
technology. 
4.3.Skylights properties measurement and testing procedures 
Simulations reported in Chapter 3 and Chapter 4 have shown the potential impact of 
daylight  harvesting  on  buildings  energy  consumption  and  the  key  role  played  by 
fenestration  systems  and  shading  controls,  with  a  specific  focus  on  dynamic 
fenestration systems such as electrochromic windows and louvered skylights. Despite 
the  importance  of  advanced  daylighting  devices  though,  measurement  and  testing 
procedures are often not updated with the manufacturing practice. Dynamic louvered 
systems are usually mounted on the internal side of domed skylights; since there are 
not  at  the  moment  testing  procedures  for  light  transmittance  characterization  of 
dynamic  fenestration  systems,  the  paragraph  begins  with  a  review  of  the  existing 
testing  procedures  for  simple  domed  skylights.  Then,  it  describes  a  new  testing 
procedure and measurement facility in development at the UC Davis CLTC, which can 
measure  skylights  light  transmittance  and  is  also  suitable  for  dynamic  fenestration 
systems applications. The procedure, based on the use of the integrating sphere to 
measure  total  light  throughput,  represents  an  innovation  in  daylighting  devices 
measurement  practice,  and  results  of  the  first  tests  are  presented.  The  author 
participated at the testing procedure and facility development as member of the CLTC 
engineering team, to whom the intellectual property of the research belongs. 
4.3.1.Skylights light transmittance testing standard 
A comparative review of the different available testing procedures for skylights VLT 
measurements  was  published  in  2004  in  the  framework  of  a  PIER  (Public  Interest 
Energy Research) project founded by the California Energy Commission [64].  
The NFRC test method (NFRC-300, [65]) is based upon solar optical measurements 
using a spectrophotometer equipped with an integrating sphere as described in ASTM 
E903  standard  [66].  Test  measurements  of  individual  glazing  layers  at  normal 
incidence  angle  are  combined  together  to  assess  the  overall  skylight  transmittance 
using the equations contained in the method itself. The NFRC-300 calculation method  
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represents the performance of a flat glazing surface with a single angle of incidence 
over the entire skylight surface, and thus it will not accurately predict the performance 
of any projecting skylight (domes, pyramid, catenary arch etc.). Furthermore, itʼs not 
allowed to use it for diffusive materials. 
For diffusive materials, instead, is possible to follow the ASTM D1003 standard [67], 
which prescribes the usage of a collimated light source hitting the open port of an 
integrating sphere. As explained in the next pages, transmittance is measured as the 
ratio of the total flux entering the sphere with the sample in place and the total flux with 
the open port, while “haze” (the ratio between the diffusive and total component of 
transmitted light) is measured through the usage of a “light trap” on the inside of the 
sphere.  This  method  measures  only  flat  materials  at  normal  incident  angles  and, 
furthermore, it canʼt be applied to diffusive materials having a “haze” of more than 30%. 
Complimentary standards ASTM E972 [68] and ASTM E1084 [69] use sunlight instead 
of artificial light sources to determine transmittance of materials with illuminance meters. 
These  standards,  again,  claim  for  single  material  layers  to  be  evaluated  at  normal 
incidence angle and so are not suitable to characterize complex skylight shapes. In [64] 
the method was “improperly” used though to measure skylight properties, with a testing 
procedure  illustrated  in  Figure  4.13:  transmittance  is  calculated  as  the  ratio  of  the 
illuminance values measured with the configuration shown in the figure and with the 
meter exposed to direct sunlight at normal incidence. 
 
 
Figure 4.13 – ASTM E972 and ASTM E1084 used for domed skylight transmittance characterization 
with sunlight at normal incidence [64]  
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Besides the NFRC and ASTM standards for material testing, other methods have been 
proposed, more customized for skylight transmittance measurements.  
The effective visible transmittance (EVT) test assesses the light transmittance of the 
skylighting system including the skylight, the light well and any diffusers that may be in 
the light well. Thus, EVT testing accounts for the effects of skylight shape, skylight 
framing,  well  efficiency  and  diffuser  transmittance.  By  testing  skylights  in  installed 
configurations,  it  also  gives  results  of  varying  solar  conditions  and  typical  skylight 
installations  that  reflect  “real  life”  conditions,  providing  information  on  how  skylights 
tested in various rating protocols actually perform as installed in buildings. The EVT is 
the ratio of the luminous flux exiting the bottom the light well to the ambient luminous 
flux impinging on the horizontal projection of the skylight rough opening. The flux is 
estimated by averaging readings of an array of illuminance sensors placed under the 
skylight well. This way, it can give a rough estimate of light transmittance, but requiring 
the construction of a testing facility probably ending up being excessively expensive 
and cumbersome for the accuracy it can provide. 
Likely the best proposed method to evaluate skylights performance is the so-called 
“skylights goniophotometer” illustrated in Figure 4.14. 
 
 
Figure 4.14 – The “skylights goniophotomer” testing facility [64]  
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Photometric information, a description of the angular distribution of light from a source, 
is  the  basis  of  predicting  how  that  light  source  will  light  a  space.  Photometric 
distributions describe the directionality and the magnitude of light emitted by a given 
light  source.  The  concept  of  the  “skylights  goniophotometer”  approach  is  basically 
characterizing the directional performance of a skylight treating it as a light source, i.e. 
plotting the intensity of transmitted light at difference angles, the latter measured by a 
set of light  meters in the testing room. Although being probably the best proposed 
method  to  measure  variously  shaped  skylights,  this  method  presents  still  all  the 
problems  connected  with  the  usage  of  sunlight  as  light  source,  and  the  cost  and 
cumbersomeness of dedicating an entire building space as skylights testing facility. 
4.3.2.CLTC skylights testing procedure and facility 
The  previous  paragraph  offered  a  review  of  the  available  testing  procedures  and 
standard available for skylight VLT measurements. The NFRC and ASTM standards 
share the following issues: 
•  They consider only single flat layers of materials measurements; 
•  Measurements are only performed at normal incidence and other values are 
calculated through mathematical models; 
•  They are not suitable for highly diffusive materials measurements. 
All these standards are, therefore, only useful to characterize single material layers 
properties, but they lose their value when it comes to multi-layer complex structures 
such  as  domed  skylights.  The  two  best  methods,  the  EVT  and  the  “skylights 
goniophotometer”, are instead specifically designed for skylight testing but problems 
with using sunlight as light source and high investment costs highly limit the system 
flexibility and, ultimately, a wider diffusion of the measurement methods themselves. 
Furthermore,  none  of  the  aforementioned  methods  has  ever  been  used  to  assess 
performance of dynamic fenestration systems like louvered skylights. 
As  a  solution  to  this,  the  UC  Davis  California  Lighting  Technology  Center  has 
developed a new skylight light transmittance measurement system based on the use of 
the  integrating  sphere.  The  next  paragraphs  introduce  the  concept  of  transmittance 
measurement  with  the  integrating  sphere,  illustrating  its  functioning  principles,  the 
proposed testing procedures and the testing facility design. The author participated in 
the  method  development  as  member  of  the  CLTC  engineering  team,  to  whom  the 
intellectual property of the research project belongs. 
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4.3.2.1.Transmittance measurements in the integrating sphere 
An  Integrating  sphere  (also  known  as  an  Ulbricht  sphere)  is  an  optical  component 
consisting  of  a  hollow  spherical  cavity  with  its  interior  covered  with  a  diffuse  white 
reflective coating and small holes for entrance and exit ports. Its relevant property is a 
uniform  scattering  or  diffusing  effect.  Light  rays  incident  on  any  point  on  the  inner 
surface are, by multiple scattering reflections, distributed equally to all other points [70]. 
In its normal functioning configuration, illustrated in Figure 4.15, a light source is placed 
inside  the  sphere  and  its  output  is  distributed  over  its  entire  internal  surface  with 
uniform illuminance distribution. A spectrometer acquires the spectral output of the light 
source from one or multiple points inside the sphere, and this way the total flux is 
computed by multiplying illuminance by the sphere internal area.  
 
 
Figure 4.15 – The integrating sphere in its standard configuration used to measure light sources 
spectral emission and total lumen output [70] 
 
The  sphere  is  used  as  well  to  measure  optical  properties  of  materials  such  as 
reflectance,  absorptance  and  transmittance.  For  the  latter,  a  port  is  opened  on  the 
surface  of  the  sphere  and  an  external  light  source  is  used.  The  testing  set-up  for 
transmittance measurements with the integrating sphere is shown in Figure 4.16: the 
light source, emitting a collimated beam of light, is placed at different angles relative to 
the port normal, and the sample transmittance is calculated as the ratio between the 
total flux entering the sphere with the open port and the flux measured with the sample 
in place.   
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Figure 4.16 – Transmittance measurement in the integrating sphere [71] 
 
Since the light entering the sphere is uniformly distributed all over the internal reflective 
surface, the spectrometer can be placed in whatever position inside the sphere as long 
as it is shielded from direct view of the light beam.  
Kessel [71] applied the finite-difference equation method to derive expressions for the 
directional-hemispherical transmittance as measured in the integrating sphere. 
In general terms, visible light transmittance measurement consists in measuring the 
ratio  between  the  total  flux  measured  with  the  sample  in  place  and  the  total  flux 
measured without it (“open port” case). In formulas: 
! !!! !
! !!!
!! !!!  
with  E  being  the  illuminance  measured  with  the  sample  in  place,  E0  the  reference 
illuminance  value  taken  with  the  open  port,  !  and  "  the  angles  accounting  for  the 
position of the light source in the horizontal and vertical planes.  
When using the integrating sphere to measure VLT, sample back-reflectance into the 
sphere itself needs to be taken into account. According to Kessel, the correct formula 
to be used in this case is the following: 
! !!! !
! !!!
!! !!!
! ! !!!!! !
! ! !! ! ! ! !
 
where r2 is the sphere interior reflectance, r1 is the sample back-reflectance into the 
sphere,  and  fc  is  the  ratio  between  the  port  and  the  sphere  areas.  Kesselʼs  paper 
enters into detail about the measurement procedure to determine r1 with the integrating 
sphere. Basically, the measuring apparatus is the one depicted in Figure 4.17. 
  
123 
 
Figure 4.17 – Back-reflectance r1 measuring apparatus [71] 
A light source is placed inside the integrating sphere and illuminance measurements 
are taken with the open port (Est) and with the sample in place (E). After this is done, r1 
is easily calculated by the following formula: 
!! !
! ! !! ! ! ! !
!!! !
! !
!!"
!
 
The same paper provides a graph, which relates the values coming into play (Figure 
4.18): here C is the correction factor in the right-hand bracket of the second formula for 
the transmittance. 
 
Figure 4.18 – r1 estimation curve [71]  
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4.3.2.2.Skylights testing procedure 
The definition of a new testing procedure, suitable for the testing of different skylight 
types, requires the following steps to be performed: 
•  Coordinate system definition; 
•  Open port (reference) measurement procedure; 
•  Skylight measurement procedure; 
•  Output report format definition. 
For all the measurement sessions the light source is kept fixed on a reference point. 
The integrating sphere can rotate on two axes, with rotation being expressed according 
to the (x, y, z) coordinate system represented in detail in Figure 4.19 and Figure 4.20. 
 
 
 
Figure 4.19 – Top view of the measurement facility, x-y plan reference system 
 
On the horizontal plane x-y, from the top view in Figure 4.19, the sphere is rotated to 
the desired angle ! using a reference system drawn on the floor by aligning the lateral 
laser plumb bobs marks on two points as shown in the next section. !, indicating the 
direction of the normal to the sample surface, is always measured starting from the x-
axis: a positive value indicates a counter-clockwise rotation of the sphere seen from the 
top, a negative value a clockwise rotation.   
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Figure 4.20 – Lateral view of the measurement facility, x-z plan reference system 
 
On the vertical plane x-z, from the lateral view in Figure 4.20, the sphere is rotated to 
the  desired  angle !  using  the  inclinometer  mounted  on  the  frame  as  reference  (as 
shown in the next section). Due to the sphere construction itself, rotation, measured 
starting from the x-axis, is constrained between 0 and 90 degrees. 
Being  the  !  rotation  more  difficult  to  be  implemented,  this  is  the  first  one  to  be 
performed, with " values consequently varying at each measurement. 
After the measurement apparatus be set up, with the sphere and the light tunnel in 
fixed  position,  the  “zero”  values,  used  as  denominators  for  every  transmittance 
measurement  test,  are  assessed.  The  port  of  the  sphere  is  opened  and  reference 
illuminance values E0 are measured for the following angle combinations: 
•  " [degrees]: - 75, -60, -45, -30, -15, 0, 15, 30, 45, 60, 75; 
•  ! [degrees]: 0, 30, 45, 60, 90. 
These 55 values in output are stored with the following notation, E0 (", !), and should 
be re-measured every 5 complete skylights measurement sessions are performed in 
order to account for light source lumen depreciation and other factors. 
Some skylights, as said, can include dynamic systems (e.g. louvers) to regulate light 
transmittance throughput. In the case that slats rotation can be changed by the user, a 
new  variable  comes  into  play,  i.e.  the  angle  # of  the  slats,  with  0  degrees  value 
indicating closed and 90 degrees indicating open slats. This angle is measured by a  
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custom made device realized by the engineering team. The following different values 
for the three variables (!,",#) can be assessed in the measurement procedure: 
•  $ [degrees]: 0, 30, 45, 60, 90; 
•  ! [degrees]: -75, -60, -45, -30, -15, 0, 15, 30, 45, 60, 75; 
•  # [degrees]: 0, 30, 60, 90. 
where,  as  indicated  previously,  ! indicates  the  angular  displacement  on  the  x-y 
horizontal plane and $ indicates the angular displacement on the x-z vertical plane of 
the normal to the sample surface with respect to the light source. 
The angles are changed in the order in which they are listed above, this meaning that 
first  the  sphere  is  rotated  on  the  vertical  plane,  and  then  for  every  position  on  the 
horizontal plane all the different combinations of slats angles are measured. This way, 
the rotation on the vertical plane, which is the most difficult to be performed, is done the 
minimum number of times possible. 
It should be noted that the present procedure sets the number of measurements to be 
performed to 5x11x4 = 220 for every sample tested. This number could be reduced if 
reasonable assumptions on the horizontal plane symmetry can be made. 
For the single device tested, depending on how itʼs mounted on the sphere, attention 
should be given to the actual installation of the device itself in buildings: according to 
that, some angles might happen not to be necessary to be measured, since never used 
in the practice. 
All the data collected by each sample measurement session shall be collected in a 
table with a format similar to the one reported in Table 4.8. 
 
!  $  #  E0 (!,$,#)  E (!,$,#)  VLT (!,$,#) 
x-y angle in 
degrees 
x-z angle in 
degrees 
Slats angle 
in degrees 
Open port 
illuminance 
Sample in 
place 
illuminance 
= E0/E 
 
Table 4.8 – Measurement output report table format 
According to previous consideration, depending on how the sample is mounted on the 
port, azimuth and zenith light source position shall be computed and added to the table, 
as simulation of the sun position. This way, a full angular performance characterization 
of a dynamic fenestration system can be obtained in a relatively simple way, which can 
be highly automated after verification of system reliability. 
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4.3.2.3.Skylights testing facility 
To perform the measurement the California Lighting Technology Center engineering 
team needed to develop a testing facility, with the goal of creating a flexible and easily 
replicable structure that could permit to perform the measurement tasks in a quick and 
reliable  way.  As  written  above,  to  perform  transmittance  measurements  with  an 
integrating sphere is necessary to have a light source emitting a collimated beam of 
light and an integrating sphere with an open port to mount the sample on. The design 
solution was to build a completely dark 15 meters long tunnel placing a 1000 W light 
source at one end, with the sphere on the other end able to rotate on the horizontal and 
vertical axes according to the reference system and testing procedure described in the 
previous paragraph. The idea of a long tunnel permitted to approximate the emission of 
a collimated beam of light hitting the sphere with the samples mounted on it. Integrating 
spheres, even the largest ones, have usually small ports, which can only host single 
layer glazing. To perform the transmittance measurements as described above, the 
CLTC designed a custom made integrated sphere able to mount square glazing and 
skylights  as  large  as  1.22  m  on  the  edge. Figure  4.21  shows  the  large  integrating 
sphere (1 m radius) open and with louvers mounted on the open port. 
 
 
Figure 4.21 – The CLTC integrating sphere for transmittance measurements open and with louvers 
mounted on the port 
 
The sphere has wheels allowing it to rotate over its vertical axis, and it is mounted on a 
robust frame which permits as well the rotation over the horizontal axis (Figure 4.22).  
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Figure 4.22 – The CLTC integrating sphere fully rotated over its horizontal axis and with the wheels 
allowing rotation over its vertical axis 
 
In order to ensure measurements reliability, a reference system was created in order to 
accurately  measure  ! and  " rotation:  for  the  first  angle,  measuring  rotation  on  the 
horizontal plane, a reference system was drawn on the floor and laser plumb bobs 
were  used  to  align  the  skylight  at  the  right  angles  for  every  measurement;  for  the 
second  angle,  indicating  angular  displacement  on  the  vertical  plane,  a  digital 
inclinometer was mounted on the frame of the sphere (Figure 4.23). 
 
 
Figure 4.23 – Laser plumb bobs and digital inclinometer used for measuring angular 
displacements respectively on the horizontal and on the vertical plane 
 
Due to the high precision of the integrating sphere spectrometer, the construction of a 
dark tunnel was necessary for all the 9.14 m space separating the sphere from the light  
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source. The tunnel was realized with two layers of perfectly back-out fabric pieces, 
mounted on three 20 m long cables specifically designed to carry the tension loads 
generated by the material itself. For the internal layer a matte black fabric was selected 
in order to avoid any reflection from the sides of the tunnel into the sphere during the 
measurements, and isolate the lamp as the unique source of light in all the testing 
facility (Figure 4.24).  
 
 
 
Figure 4.24 – The totally dark 15 m long tunnel realized at the CLTC for the measurement: on the 
left, one end of the tunnel with the sphere and the skylight mounted; on the right, the other end of 
the tunnel with the 1000 W light source. 
 
As previously stated, the light source needed to be placed at a far distance in order to 
ensure that a collimated beam would hit the sphere during the measurement. For this 
reason, a powerful 1000 W HID metal halide lamp was selected as light source. A 
wattmeter connected in series on the light source power supply highlighted variability in 
the power supply available at the laboratory.  
 
 
Figure 4.25 – The illuminance meter located in the tunnel for measurement normalization. A 
domed skylight is mounted on the sphere port, and the matte fabric carefully covers all possible 
reflectance sources inside the measurement facility.  
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Thus, an illuminance meter was put in the room to normalize all the measurements 
accounting for the possible variation generated by the lamp lumen output instability 
(Figure 4.25). The final result, with a picture taken during a test, is shown in Figure 
4.26: the whole facility can be mounted and dismounted in about two hours, thus giving 
the possibility of freeing laboratory space when not in use. 
 
 
Figure 4.26 – The measurement facility during a transmittance test with the 1000 W HID metal 
halide lamp at the end of the tunnel with its characteristic green hue during warm-up 
 
4.3.3.First measurements results 
The  measurement  setup  was  completed  at  the  end  of  April  2012  and  first 
measurements  runs  were  performed  to  calibrate  and  optimize  the  system.  This 
conclusive paragraphs shows the first measured data, focusing on: 
•  collimated  beam  assumption  verification:  verification  of  the  measurement 
systemʼs  ability  to  measure  flux  as  a  function  of  the  incident  angle  (“cosine 
correction”); 
•  optimal detector position and its effect of the measurement error; 
•  first visible light transmittance measurements on a domed skylight. 
These initial measurements were all taken on the horizontal plane (i.e. with ! = 0°). For 
the louvered system a Radiance model was created in order to predict its impact on 
visible light transmittance. 
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4.3.3.1.Collimated beam assumption verification 
As  explained  in  the  previous  pages,  to  perform  transmittance  measurements  it  is 
necessary to use a light source emitting a collimated beam, in order to ensure that the 
same  flux  of  light  is  hitting  the  sphere  port  independently  of  the  angle  at  which 
measurements are performed. The open port of the sphere has an area of 1.49 m
2: if 
this square surface is hit by a perfectly collimated beam of light and itʼs centered with 
respect  to  the  light  source,  a  rotation  of  ! degrees  of  the  surface  itself  should 
correspond to a reduction in the flux entering the sphere dependent only on the cosine 
of the angle. The situation is clarified by the schematic representation in Figure 4.27: a 
light source, emitting a perfectly collimated light beam of total flux ", hits a square port 
of edge L, therefore with area L
2. 
 
 
Figure 4.27 – The theoretical cosine reduction for the open port measurement (top view) 
 
When ! = 0° (dashed line), all the flux " will pass through the port. After a rotation of 
! degrees of the port with respect to the initial condition, the effective aperture (i.e. 
projected area) of the opening will be L
2*cos! and therefore only "*cos! will be the 
total flux entering the port. Due to this simple geometric consideration, the first test 
performed  on  the  measurement  apparatus  consisted  in  taking  the  “open  port” 
measurements  at  different  angles  and  comparing  the  measured  values  to  the 
theoretical reduction calculated by the cosine of the angle (“cosine correction”). For the 
first experiment, the light source was put closer to the sphere, at 4.57 m (15 ft) distance. 
Results of the these first “open port” measurements are reported in Figure 4.28 and 
Figure 4.29: the first plots the measured values against the theoretical cosine factor 
reduction at different angles, while the second graphs the relative difference of these 
two measurements expressed in percentage.  
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Figure 4.28 – Comparison between measured and calculated “open port” measurements at 
different angles. Light source at 4.57 m distance from the sphere 
 
 
Figure 4.29 – Relative difference between measured and calculated values at different incident 
angles. Light source at 4.57 m distance from the sphere. 
 
Results in the previous charts highlight a good approximation of the collimated light 
beam for incident angles between -60° and +60°. For extreme angles, though, the non-
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perfection of the collimated beam arises as an issue with difference between measured 
and calculated values as high as 23%. Assuming an isotropic emission of the light 
source,  the  best  way  of  trying  to  obtain  a  collimated  beam  is  to  get  as  distant  as 
possible from the source itself. Therefore, the distance between the sphere and the 
light source was doubled at 9.14 m (30 ft) and the measurements repeated, getting the 
new relative results shown in Figure 4.30. 
 
 
Figure 4.30 – Relative difference between measured and calculated values at different incident 
angles. Light source at 9.14 m distance from the sphere. 
 
Comparison  between  graphs  in  Figures  4.29  and  4.30  very  likely  shows  an 
improvement in the approximation of a collimated light source emitted from the lamp. 
The error reaches a maximum value of 10% on one side of the rotation compared to 
the 23% previously obtained. The results were considered sufficient to approximate the 
light source with a collimated beam, and therefore the first measurements were taken 
to evaluate skylight performances at different angles of incidence.  
4.3.3.2.VLT measurement for domed skylights 
Set the light source at a 9.14 m distance from the sphere the first domed skylight was 
selected  for  transmittance  measurement,  obtained  as  the  ratio  between  the  light 
throughput measured by the integrating sphere with the skylight mounted on the port 
and the “open port” measurement. 
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The skylight selected for the test was a Sunoptics double-glazed (clear/white) acrylic 
domed skylight, previously illustrated in Figure 4.25. The producer declares a 68% VLT 
value for the skylight itself, without specifying the measuring method. The skylight, as 
shown in the Figure 4.25, was mounted on the integrating sphere open port together 
with  its  well  and  the  safety  guard,  which  is  required  by  regulations  for  skylight 
installation. The measurements were taken at different angles and divided by the ones 
previously taken with the open port: results are graphed in Figure 4.31. 
 
 
Figure 4.31 – VLT measurement for Sunoptics double-glazed acrylic skylight with the CLTC 
measurement facility 
 
Important considerations arise from the results reported in Figure 4.31: 
•  The light transmittance values are fairly constant (between 44% and 52%) at 
the  variation  of  the  angles,  and  lower  than  the  68%  value  claimed  by  the 
manufacturer:  this  recommends  further  evaluation  of  results,  in  particular  by 
taking into account errors possibly originated by the large size of the sphere 
port; 
•  Increase  of  light  transmittance  at  extreme  angle  can  be  influenced  by  the 
deviation  from  the  theoretical  value  emerged  in  the  previous  paragraph. 
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Anyway, the domed shape of the skylight is likely to redirect inside the sphere 
some of the light that would, in other cases, be lost. 
As  a  conclusion  from  these  first  measurements,  the  test  method  seems  to  give 
substantial indications on the light transmittance of skylights at different angles. Further 
tests are being performed on the system, but the first indications suggest feasibility for 
the extension of the measurement procedure to various applications, especially when 
diffusing  devices  are  tested.  This  is  mainly  due  to  the  fact  that  when  non-diffusive 
devices  are  placed  on  the  port,  light  diffusion  on  the  sphere  internal  surface  isnʼt 
perfect  and  this  could  possibly  cause  difficulties  in  comparing  values  obtained  for 
different devices.  
The flexibility of the test setup hasnʼt a negative effect on the testing time: a complete 
skylight characterization at different angles can be performed in one workday by two 
operators. Compared to the proposed system available, the CLTC testing facility shows 
the following advantages: 
•  More reliability for total light flux measurements due to the use of an integrating 
sphere instead of an array of illuminance meters, which can only provide an 
approximation of the total flux; 
•  System flexibility: all the measurement facility can be mounted and dismounted 
in 2 hours and completely removed when not in use; 
•  Use of an artificial light source: other methods use sunlight as light source and, 
therefore, can only be performed on sunny days. Variability due to location and 
sky conditions might affect the measurement output. Furthermore, the use of an 
artificial light source makes the measuring characterization at different angles 
easier to be performed. 
These advantages suggest that, after further optimization and tests, the method could 
be  proposed  as  new  standard  to  evaluate  the  visible  light  transmittance  of  various 
skylights and dynamic fenestration systems, characterizing their VLT performance at 
different angles of incidence. 
4.3.3.3.Radiance model for dynamic fenestration systems 
As previously stated, the system can measure the total light throughput of different 
daylighting  devices,  including  dynamic  systems  such  as  louvered  skylights.  The 
measurement of these devices can also be modeled with the Radiance software. For 
the specific case, the louvered device depicted in Figure 4.21 is has been modeled in 
Radiance for VLT prediction with the test facility. As shown in Figure 4.32, the model 
reproduces the test facility with an external light source hitting the open port and the  
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louvers  at  different  angles.  The  ratio  of  the  illuminance  measurements  with  and   
without the louvers in place gives in output the VLT estimate. A script written in “bash” 
programming language automates all the modeling process, generating all the possible 
measurements at different angles for the light source and for the slats.  
 
 
Figure 4.32 – The Radiance model simulating the testing facility for louvered systems. In the figure, 
the light source is at the center and the slats are rotated 30° from the normal direction. 
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CHAPTER 5 
Light energy harvesting for Wireless Sensor 
Networks (WSNs) 
 
As briefly introduced in Chapter 2, exorbitant costs and complicated implementation 
often  constitute  barriers  to  lighting  retrofit,  due  to  the  practical  difficulties  and  long 
payback  periods  which  need  to  be  faced  when  modifying  building  infrastructures. 
These  are  the  main  reasons  that  brought  researchers  and  companies  to  develop 
Wireless Sensor Network solutions for lighting energy efficiency implementation, with 
the goals of reducing initial capital investments while increasing system flexibility and 
user satisfaction.  
This chapter starts with a description of what are Wireless Sensor Networks, focusing 
on  lighting  energy  efficiency  applications.  Then,  it  deals  with  one  of  the  principal 
challenges playing as a crucial driver for this technology deployment on a wider scale: 
the possibility of supplying power to the sensors through ambient energy harvesting. 
After a literature analysis of indoor energy harvesting solutions in relation to WSNs 
power supply, a particular application is described in detail: the design, realization and 
implementation of an indoor light energy harvesting system realized by the author as 
visiting researcher at University of California Berkeley, in collaboration with Professor 
Alice Agoginoʼs Berkeley Energy and Sustainable Technologies Laboratory (BEST Lab) 
[72]. 
5.1.WSN solutions for lighting energy efficiency 
WSNs were first suggested as a futuristic solution in 1999 by researchers at University 
of California Berkeley [17] and since then had a continuous and exponential growth, 
with developments of software and hardware components that permitted applications in 
various  fields  including  industrial,  water  and  structural  monitoring,  environmental 
sensing, on-site tracking of materials and passive localization [73]. 
The present paragraph describes what a WSN is, in order then to illustrate a lighting 
energy efficiency implementation case study, outlining its savings potential and most 
relevant results. 
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5.1.1.WSN: an introduction 
As described before, far from being a detailed description of WSNs, the main objective 
of the present section is to offer a general overview of the principal characteristics of 
these solutions for a better understanding of the next paragraphs dissertation. 
A  Wireless  Sensor  Network  (WSN)  consists  of  spatially  distributed  autonomous 
sensors to monitor physical or environmental conditions, such as temperature, sound, 
vibration, pressure, humidity, motion or pollutants and to cooperatively pass their data 
through the network to a main location [73]. Modern networks are bi-directional, also 
enabling control of sensor activity: in this case, more interesting for energy efficiency 
implementations due to the possibility of acting on the system instead of just passively 
monitoring its status, actuators can be included in the network giving origin to systems 
which are usually referred to under the extended acronym WSANs (Wireless Sensors 
and Actuation Networks). 
The network is made of a variable number of “nodes”, each of which is connected to 
one or several sensors. One of the nodes usually serves as gateway for the all the 
network, being physically connected to the base station (typically a computer), which is 
in charge of the network management, as depicted in Figure 5.1. 
 
 
Figure 5.1 – Nodes in a typical Wireless Sensor Network [73] 
 
Besides  the  sensors  themselves,  hardware  required  for  a  WSN  implementation 
comprises microcontrollers, radio transceivers, memory and energy storage devices. 
The microcontroller, on which the operating system is installed, controls interactions 
between  the  other  elements  listed  above.  In  many  applications  all  the  components 
constituting a node are installed on hardware platforms denominated “motes”, which 
are commercially available in various shapes but provide similar functionalities (Figure  
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5.2). A specifically developed open-source operating system, TinyOS, is installed on 
most of the commercially available devices [74]. 
 
Figure 5.2 – Wireless sensors platforms: “motes” [17] 
 
When deployed for an application, the system automatically auto-configures in order to 
be able to exchange data with the nodes. 
Wireless sensor networks are distinguishable from “ad hoc” networks by the following 
features [17]: 
•  The number of sensor nodes in a sensor network can be significantly higher; 
•  Sensor nodes are densely deployed;  
•  Sensor nodes are prone to failures; 
•  The topology of a sensor network may change frequently;  
•  Sensor nodes mainly use broadcast communication paradigm;  
•  Sensor nodes have limited power, computational capability and memory; 
•  Sensor nodes may not have global identification. 
Due  to  the  risk  of  failures  and  non-reliability  of  the  sensorsʼ r e a d i n g s  d i f f e r e n t  
algorithms have been implemented to build more stable measurement systems.  
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5.1.2.WSN and lighting energy efficiency: BEST Lab case study 
Among  the  different  end-uses  listed  above,  particular  attention  is  given  to  the 
development of WSN-based lighting energy efficiency solutions, which have interested 
in the latest years both academic and companies worlds: for the latter, San Francisco 
(California,  US)  based  start-up  Adura  Technologies,  founded  in  2005,  is  leader  in 
developing commercial lighting retrofit solution based on WSNs [75]. 
The main implemented applications are retrofit solutions which, besides energy savings, 
have  shown  the  advantage  of  increasing  lighting  system  granularity,  giving  the 
possibility  of  higher  level  of  user  control  and,  consequently,  satisfaction.  The  most 
advanced  systems  integrate  daylight  harvesting  capability,  but  their  functionality  is 
limited by the open problems for daylighting described in the previous chapters. 
This  case  study  is  a  WSAN  implementation  for  lighting  energy  efficiency  at  BEST 
Laboratory  previous  location,  at  the  6
th  floor  of  University  of  California  Berkeley 
Etcheverry  Hall,  implementation  which  was  the  outcome  of  a  previous  laboratory 
member PhD dissertation [17]. 
The  BEST  Lab,  a  shared  office  space  with  a  “general  lighting”  system,  has  been 
retrofitted with a network of wireless sensors and actuators allowing to control each 
luminaire individually, also dimming the lights according to user preferences. Figure 5.3 
illustrates the laboratory space lighting schematics, where previously to the retrofit all 
the 19 luminaires where controlled by only one switch and no dimming was possible. 
 
 
Figure 5.3  – BEST Lab lighting schematic and the retrofitted lab [17] 
 
For the specific application, light sensors were deployed in different locations of the 
room,  and  actuators  with  dimmable  ballasts  were  inserted  into  the  fluorescent  light 
bulbs  power  supply  circuits.  Users  were  provided  with  a  web  interface,  which  was 
always running on a computer station situated at the lab entrance. This way, every 
member  had  a  personalized  and  editable  lighting  preference  profile  stored  in  the  
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system, which was manually activated at the moment of entrance into the workspace. 
Compared to the previous situation, increased lighting system granularity, individual 
control and light level tuning measures led to the following results: 
•  51.2% electricity savings: Figure 5.4 shows an hourly average breakdown of 
energy consumption before and after the retrofit.  With a more “granular” and 
individually controllable lighting system, only necessary luminaires were turned 
on  depending  on  who  was  occupying  the  room,  compared  to  the  previous 
situation when all lights were turned on and off together; 
•  5 years simple payback period (retrofit project); 
•  increased user satisfaction due to careful user interface design. 
 
Figure 5.4 – Individual lighting control impact on energy consumption: 51.2% savings [17] 
Although  high  savings  are  probably  influenced  by  initial  conditions,  which  are  not 
documented  in  the  work  taken  into  consideration,  the  case  study  shows  again  the 
importance of lighting system granularity in regard to energy saving: WSNs are a key 
part in this approach since every luminaire can be isolated and become a single node 
in the system. This factor is often overlooked: California enforced regulation states that 
only areas “enclosed by ceiling-height partitions shall have an independent switching or 
control device”  [10].  Since  in  different  case  studies  this  emerged  as  a  fundamental 
element,  regulations  should  be  modified  in  order  to  force  new  buildings  to  provide 
separate control of all luminaires at system level design, giving the possibility to avoid  
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the necessity of retrofitting costs, which at the moment of writing are still high due to 
relevant motes prices. 
5.2.Energy harvesting for Wireless Sensor Networks 
“Energy harvesting” (also known as “power harvesting” or “energy scavenging”) is the 
process by which energy is derived from external sources (e.g., solar power, thermal 
energy, wind energy, salinity gradients, and kinetic energy), captured, and stored for 
small,  wireless  autonomous  devices  power  supply  [76].  Due  to  the  extremely  low 
amounts of energy that can be harvested from the environment, energy harvesting has 
found a perfect target in WSNs, due to the low power consumption of the sensor nodes 
together with a claim for flexibility. The possibility given by ambient energy scavenging 
of deploying tiny computational devices on a large scale has led in the last decade to 
an increasing interest from the academic and companiesʼ worlds, which gave birth as 
well to active online communities and financial investments [77] [78]. This paragraph 
gives first an overview of the different sources for indoor energy harvesting, comparing 
them based on the power density they are able to provide, then focuses on different 
applications to WSNs in literature. Finally, an application involving indoor light energy 
scavenging is described, which is relevant to the present study since the same energy 
source was used to the development of the device described through the pages of the 
last paragraph. In general terms, the following benefits have been identified as results 
of energy harvesting implementations [79]: 
•  reduced dependence on battery power; 
•  reduced installation cost; 
•  reduced maintenance cost; 
•  improved sensing and actuating capabilities; 
•  long-term solutions; 
•  reduced environmental impact. 
5.2.1.Energy harvesting sources comparison 
In energy harvesting design one of the crucial stages is the power source identification. 
At the present stage various sources have been identified as possible energy providers 
for energy scavenging applications including [76]: 
•  Ambient radiation sources: energy from radio transmitters; 
•  Bio-mechanical harvesting: energy from human motion; 
•  Photovoltaic harvesting: energy from solar or indoor light; 
•  Piezoelectric energy harvesting: energy from mechanical strain (e.g. vibration);  
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•  Pyroelectric energy harvesting: energy from temperature change; 
•  Thermoelectrics: energy from temperature gradients; 
•  Electrostatic (capacitive) energy harvesting; 
•  Blood pressure energy harvesting; 
•  Tree metabolic energy harvesting. 
Some of these sources are more widely deployed for real applications due to their 
higher energy density, and many comparisons between the above can be found in 
literature [80] [81]. Table 5.1 offers a broad overview of the differences between the 
main technologies, serving as a handy comparison before delving into the details of the 
above cited [79]. 
 
 
Energy Source 
Performance 
(Power Density) 
Notes 
Solar  (direct 
sunlight) 
100 mW/cm
2 
Common polycrystalline solar cells are 
16 %-17% efficient, while standard mono-
crystalline cells approach 20% (outdoor 
light conditions) 
Indoor  light 
(illuminated office) 
100 μW/cm
2 
Thermoelectric 
a) 60 μW/cm
2 at 
5 °C gradient 
b) 135 μW/cm
2 at 
10 °C gradient 
Typical efficiency of thermoelectric 
generators are ≤ 1% for ∆T < 40 °C 
a) Seiko Thermic wristwatch at 5 °C body 
heat; 
b) Quoted for a Thermo Life generator at 
∆T = 10 °C; 
Blood Pressure 
0.93 W at 100 
mmHg 
When coupled with piezoelectric 
generators the power that can be 
generated is order of μW when loaded 
continuously, and mW when loaded 
intermittently 
Proposed  Ambient 
airflow Harvester 
177 μW/cm
3 
Typical average wind speed of 3 m/s in 
the ambient 
Vibrational 
Microgenerators 
4 μW/cm
3 (human 
motion-Hz) 
800 μW/cm
3 
(machines-kHz) 
Predictions for 1 cm
3 generators. Highly 
dependent on excitation (power tends to 
be proportional to ω, the driving frequency 
and y0, the input displacement)  
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Piezoelectric  Push 
Buttons 
50 μJ/N 
Quoted at 3 V DC for the MIT Media Lab 
Device 
Table 5.1 – Power density comparison for different energy harvesting sources [79] 
The  following  pages  briefly  introduce  the  working  principles,  main  advantages  and 
disadvantages of the above mentioned technologies, as described in the most recent 
reviews [79].  
5.2.1.1.Sunlight energy harvesting 
From Table 5.1 it can be clearly seen that the solar energy source, which is abundant 
outdoors during the daytime, provides the best performance in terms of power density, 
measuring up to 100 mW/cm
2. The power density of the solar radiation on the earthʼs 
surface indicates that in a small area of 1 cm
2, 100 mW of power can be harvested 
from the sun by using the solar panel. To achieve this high power density, the solar 
panel has to be used in outdoor conditions, i.e. exposed to direct bright sunlight. Direct 
sunlight is always preferable but not always available, especially when it comes to 
indoor applications. Figure 5.5 gives a typical example of a solar energy harvesting 
apparatus [82]. 
 
 
Figure 5.5 – Typical small solar cell for direct sunlight energy harvesting applications [82] 
 
5.2.1.2.Indoor light energy harvesting 
When  direct  sunlight  is  not  available  (e.g.  indoor  applications),  indoor  light  still 
constitutes a viable source for ambient energy harvesting. The power density is of a 
totally different order of magnitude but, as will be shown in the last paragraph, indoor 
light has the benefits of availability and stability, especially in places where lights need 
to be on for regulations reasons. Under the external appearance point of view, these 
energy harvesting devices donʼt differ much from the ones depicted in Figure 5.5, with 
usually bigger solar cells due to the lower available power density. An extensive work  
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on  indoor  light  harvesting  has  been  performed  by  researchers  at  Tyndall  National 
Institute, Ireland, and will be analyzed more in depth in the next subparagraph [83] [84].  
5.2.1.3.Thermoelectric energy harvesting 
Thermal  energy  is  an  example  of  energy  sources  alternative  to  light.  To  harvest 
thermal energy, a thermoelectric generator (TEG) has been developed, which harvests 
the heat energy based on Seebeck effect, i.e. the conversion of temperature difference 
into  electricity  [85].  A  TEG  is  made  of  thermoelectric  couples  of  semiconductors 
connected  electrically  in  series  and  thermally  in  parallel:  the  heat  flow  drives  free 
electrons and holes producing electrical current. A commercial application example of 
TEG is the Seiko Thermic wristwatch (Figure 5.6): the heat coming from the arm flows 
through the thermoelectric modules, generating a voltage difference that charges the 
watch  battery.  The  thermoelectric  module  in  the  wristwatch  is  recorded  to  yield  60 
μW/cm
2  at  5  °C  temperature  gradient  with  ten  thermoelectric  generators  coupled 
together. However typical efficiency for thermoelectric generators is less than 1% for 
temperature gradient less than 40 °C and it is hard to find such temperature gradient in 
the normal ambient environment. Hence thermal energy harvesting is more suitable for 
low power applications that consume less than a few mW or hundreds of μW. 
 
 
Figure 5.6 – The Seiko thermic wristwatch functioning principle [82] 
5.2.1.4.Blood pressure energy harvesting 
Besides solar and thermal energy sources, energy can also be harvested from human 
blood pressure. Assuming an average blood pressure of 100 mmHg (normal desired 
blood pressure is 120-80 mmHg above atmospheric pressure of 760 mmHg), a resting 
heart  rate  of  60  beats  per  minute  and  a  heart  stroke  volume  of  70  milliliters  (ml) 
passing through the aorta per beat, then the power generated is about 0.93 W. It has 
been found that when the blood pressure is exposed to a piezoelectric generator, the 
generator  can  generate  power  of  the  order  of  μW  when  the  load  applied  changes  
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continuously and mW as the load applied changes intermittently. However harnessing 
power from blood pressure would only limit the application domains to wearable micro-
sensors. 
5.2.1.5.Vibration energy harvesting 
Mechanical vibration is a promising energy source. An electromagnetic vibration-to-
electricity converter has achieved the production of 2.5 μW/cm
3. Similarly, a paper has 
made an analysis indicating  that  up  to  4  μW/cm
3  can  be  achieved  from  vibrational 
microgenerators (of order 1 cm
3 in volume) that typical human motion (5 mm motion at 
1 Hz) stimulates and up to 800 μW/cm
3 from machine-induced stimuli (2 nm motion at 
2.5  kHz).  Of  course  vibration  energy  harvesting  depends  on  vibration  sources 
availability: a good source has shown to be machinery vibration in mechanical shops, 
but even households can provide sources for small energy applications. Figure 5.7 
presents an example of vibration energy scavenging piezoelectric device realized by 
researchers  at  University  of  California  Berkeley  exploiting  staircase  vibrations  from 
running up and down stairs, which was able to harvest up to 450 μW [82]. 
Lin et al. have developed a simulation model of vibration energy harvester, which has 
been applied to MEMS devices [86]. 
 
 
Figure 5.7 – Staircase vibration harvesting device [82] 
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5.2.1.6.Piezoelectric push button and impact energy harvesting 
Many other solutions have been developed by researchers to harvest ambient energy, 
some of which with interesting results. Human powered devices have been realized by 
exploiting actions naturally made by humans or human motion itself.  
About the first category a piezoelectric element has been successfully demonstrated 
with a resonantly matched transformer and conditioning electronics that, when struck 
by a button, generate 1 mJ at 3 V per 15 N push, enough power to run a digital encoder 
and a radio that can transmit over 50 feet (Figure 5.8). The same technology has been 
applied to light switches as well. 
To scavenge energy naturally produced by human motion many interesting solutions 
have  been  provided,  e.g.  magnetic  or  impact  based  devices  installed  on  shoes  to 
harvest energy (Figure 5.9). 
 
 
Figure 5.8 – Push button energy harvesting device example [82] 
 
 
Figure 5.9 – Magnetic energy harvesting from human motion [82] 
 
5.2.2.Light energy harvesting applications for Wireless Sensor Networks 
As stated in the introductory part, although energy harvesting could be applied to many 
different solutions and technologies, due to its inherent features and capabilities it has 
found its natural applications in supplying power to Wireless Sensor Networks nodes.  
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The continuous development of these energy scavenging solutions allows networks to 
be more and more flexible, eventually giving users the possibility to not have to worry 
about battery replacement. As worldwide experts say, in the future it will be possible to 
have a “deploy and forget” WSN: all the applications described in the next pages are 
different aspects of this same goal, which researchers worldwide are striving to achieve. 
To supply power to the sensor nodes four main challenges to be faced have been 
identified [87]: 
•  Power management: efficient power management is required to maximize the 
benefits of the extra harvested energy. Different solutions have been proposed, 
including adaptive duty cycles and power usage predictive models; 
•  Data delivery schemes: delivering data from a sensor across multiple wireless 
hops to the sink involves generally two key tasks: accessing the medium and 
forwarding  the  data  to  the  next  hop  towards  the  sink.  Many  ultra-low  power 
medium  access  control  (MAC)  protocols  have  been  proposed  for  WSNs; 
however, any scheme that involves some form of backoff and retransmission is 
very  likely  to  be  non-optimal  because  timing  schedules  cannot  be  strictly 
enforced when a node has no energy to operate, and the amount of harvested 
energy may not be sufficient for retransmissions. 
•  Topology and connectivity: power control is important to maintain connectivity 
through topology control. If the rate of harvested energy is not enough to power 
the sensor node continuously, this means that nodes have to go to sleep to 
charge  up  the  battery,  and  this  alters  the  network  topology  and,  therefore, 
connectivity. 
•  Energy  storage  technology:  besides  being  difficult  to  replace  in  sensors 
embedded  in  structures  such  as  buildings  and  bridges,  batteries  also  have 
limited recharge cycles such that they cannot be further recharged beyond a 
threshold. For self-powered sensors with energy harvesting capabilities to be 
sustainable,  an  alternative  form  of  energy  storage  is  necessary: 
supercapacitors. 
Different applications have been realized in the recent years in order to optimize the 
performance of energy harvesting solutions with regard to WSNs applications. 
Raghunathan et al. realized a device called “Heliomote”, a solar energy harvester for 
UC Berkeley Crossbow motes, which autonomously manages energy harvesting and 
storage, enabling near-perpetual, harvesting-aware operation of the sensor node [88]. 
The “Heliomote”, shown in Figure 5.10, consists of an off-the-shelf sensor node (Mica2  
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motes), and a custom circuit board for solar harvesting. To ensure ease of use, the 
“Heliomote” was designed to be a plug-and-play enhancement to the motes: users can 
simply turn off the mote, plug in the Heliomote harvesting board with its solar panels 
and batteries, and switch it on. Experimental tests results indicate the feasibility of near 
perpetual operation of harvesting aware, outdoor sensor networks. 
 
Figure 5.10 – The “Heliomote”, solar energy harvester for WSNs [88] 
 
Although  sunlight  energy  harvesting,  due  to  its  high  levels  of  energy  density,  is  a 
relatively easy application for light energy harvesting, in many cases it canʼt be used 
due to unavailability of the source itself (e.g. in indoor applications). The next section 
deals with these specific issues, which constitute the basis for the energy harvester 
design described in the last paragraph. 
5.2.2.1.Indoor light energy harvesting 
Indoor light energy harvesting has grown in the recent years as a research topic due to 
its wide possibilities of implementation: electric light is, in fact, one of the most stable 
energy sources available in indoor environments. Different authors agree on the point 
that indoor light might be the only one source capable of eventually reaching large 
scale applications to supply power for future indoor Wireless Sensor Networks. 
Barnes et al. described the realization of an energy harvesting sensor network platform 
called  ENS  (Energy  Neutral  Speck)  which  harvests  light  and  is  optimized  both  for 
indoor  and  outdoor  applications  (Figure  5.11).  The  power  optimization  of  the  mote 
leads to the following current drain values: 49.5 µA in clocked sleep mode, 2.9 mA in 
active mode and 21.7 mA in radio transmitting mode. Long lasting autonomy is claimed 
in darkness conditions, although no details are provided about the performed test and 
their results [89].  
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Figure 5.11 – ENS energy harvesting platform [89] 
 
A more detailed report can be found in Hande et al., describing an energy harvesting 
system development and its testing in an office environment with 34 W fluorescent 
overhead lighting system on a sensor node routing data with a relatively high frequency 
of 0.1 Hz [90]. Results show the feasibility of a near perpetual operation for the wireless 
nodes system (Figure 5.12). 
 
 
Figure 5.12 – The indoor light energy harvester in Hande et al. [90] 
 
Among  the  different  applications,  part  of  which  has  been  listed  above,  particular 
importance for the present work has the work done by researchers at Tyndall National 
Institute, University College Cork (Ireland), one of the leading centers in Europe in ICT 
research  [91].  Due  to  their  outstanding  research  level  in  energy  harvesting,  a 
partnership was established between the authorʼs research group and the center itself 
in the framework of the work described in the present dissertation. 
Wang et al. have described indoor light harvesting applications for WSNs power supply 
in different papers, of which here a very brief overview is offered [83] [84].   
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In all these applications, optimization is sought for a sensor platform (mote) developed 
at the center itself, known as the “Tyndall mote” (Figure 5.13), a very flexible plug-and-
play  platform  on  which  different  sensors  can  be  installed  for  different  applications 
requirements.  
 
 
Figure 5.13 – The “Tyndall mote” [84] 
 
This  mote  power  consumption  and  its  duty  cycle  are  already  optimized  for  energy 
harvesting  applications,  thus  avoiding  the  necessity  of  intense  optimization  efforts 
necessary  when  using  standard  components.  The  duty  cycle  of  the  Tyndall  mote, 
which is the main variable influencing the overall mote energy consumption of the mote 
and the relative energy harvesting solution design, is described in Table 5.2: in this 
case, the sensor measurement is performed and transmitted once a minute, a good 
reference for different applications. Itʼs evident how the power has a high peak when on 
active mode, and then drops by four orders of magnitude in the sleep mode. 
 
Mode  Power Consumption [W]  Time [s]  Ratio Duty Cycle [%] 
Active  112 m  39.0 m  0.065 
Sleep  60.1 µ   59.93  99.9 
Average  133 µ  60.0  100 
Table 5.2 – Tyndall mote power consumption over a duty cycle [84] 
 
In the design phase, the following design parameters were evaluated: 
•  Indoor light levels: the system was optimized to work in a 100-1000 lux typical 
indoor light illuminance range;  
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•  Photovoltaic characteristic: amorphous solar cells were selected due to better 
behavior in low light conditions. The total area of the solar panel modules was 
sized at 27 cm
2; 
•  Maximum  Power  Point  Tracking  (MPPT)  issues:  to  ensure  the  solar  panel 
output  is  close  to  maximum  power  point,  a  maximum  power  point  tracking 
(MPPT) scheme was considered; 
•  Energy  storage:  a  low-ESR  (Equivalent  Series  Resistance)  1.87  F 
supercapacitor  was  selected  in  order  to  maximize  energy  density  while 
minimizing voltage drop on current peaks. 
As will be described in the following pages, when light is available and the mote is in its 
sleep  mode,  the  supercapacitor  is  charged  in  order  to  provide  the  necessary  peak 
energy demand for the sensing and transmitting modes, for which the power provided 
by the solar cell is not sufficient. 
Being the device described in this paper an initial-stage design dated in year 2010, the 
device tested in darkness was reported to be able to continue sensing for 1.5 hours (90 
cycles)  with  one-minute  duty  cycle,  depleting  only  the  energy  stored  in  the 
supercapacitor.  Tyndall  researchers,  at  the  moment  of  writing,  claim  a  72-hours 
autonomy in complete darkness when running on a ten-minutes duty cycle (i.e. a total 
of 432 cycles) [92]. Recent developments on the design side have seen the realization 
of a FDM package including the sensor platform and the energy harvesting module, as 
the  sample  shown  in  Figure  5.14,  shipped  in  December  2011  as  part  of  the 
collaboration between UC Berkeley and Tyndall National Institute. 
 
 
Figure 5.14 – The new Tyndall product including a sensor platform and the energy harvesting 
apparatus 
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5.3.Indoor light energy harvesting solution design for UC Berkeley 
WSN “Smart Lighting” project 
The present paragraph describes the design, development and realization of an indoor 
light  energy  harvesting  solution  for  Mechanical  Engineering  Professor  Agoginoʼs 
Berkeley  Energy  and  Sustainable  Technologies  (BEST)  laboratory  [72]  as  part  of 
University of California Berkeley “Smart Lighting” project. The project has the aim of 
developing a “plug-and-play” WSN daylight harvesting system. 
As  the  project  evolved  creating  a  “deploy  and  forget”  Wireless  Sensor  Network 
emerged  as  one  of  the  most  important  goals;  the  present  paragraph  describes  the 
steps which led to the actual implementation of an energy scavenging device within the 
project framework.  
This work gave birth to a still ongoing collaboration between the BEST Lab and Tyndall 
National Institute researchers, whose outcomes didnʼt affect the device design because 
the latter was completed before the actual beginning of the collaboration between the 
two  research  institutions.  Compared  to  the  energy  harvesting  research  results 
described in the previous pages, this application features the following innovations:  
•  Usage of off-the-shelf components; 
•  Application to daylight harvesting WSN system; 
•  Cost effectiveness. 
These characteristics suggest that the prototype described in the following pages might 
be suitable for a commercial application in the next years. 
5.3.1.UC Berkeley BEST Lab Smart Lighting project 
The BEST Lab at UC Berkeley has been in the recent years focused on the application 
of WSN to energy efficiency in lighting. The implementation described in [17] didnʼt 
include yet the possibility of daylight harvesting. The “Smart Lighting” project was born 
in order to include daylight harvesting capabilities in the WSN system [93].  
 
Figure 5.15 – UC Berkeley “Smart Lighting” project logo [93] 
The project, funded by the NASA Sustainability Base in Ames (California) [94], has the 
long-term goal of expanding NASAʼs capacity in Wireless Sensor Networks for smart 
building and space exploration applications. At the moment of writing, the goal is to 
implement a daylight harvesting system in UC Berkeley Sutardja Dai Hall 4
th floor in  
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order  to  demonstrate  WSN  capabilities.  Once  tested,  this  system  will  eventually  be 
deployed at the NASA sustainability base, and future applications might imply sensing 
and actuating in space vehicles environments. 
For this part of the project, i.e. the implementation of a daylight harvesting system in 
Sutardja Dai Hall 4
th floor, the mission statement is the “development of energy efficient, 
low cost, user friendly and utility friendly infrastructure for facade and artificial lights 
control, year-round improved lighting distribution and heat gain minimization in large 
open plan office spaces”. 
The primary goals of the project are:  
•  User satisfaction; 
•  User energy and visual health awareness; 
•  Energy efficiency of the entire infrastructure; 
Integration with smart grid and BACnet building management system; 
•  Reduced life cycle environmental impact;  
•  Easiness of replication. 
The  system  utilizes  a  WSN  implementing  internally  developed  daylight  harvesting 
algorithms to control the lights by interfacing with the building management system. At 
the end of year 2011, which coincided with the end of the authorʼs collaboration with 
the  research  group,  a  prototype  of  the  system  was  successfully  installed  and 
demonstrated to the NASA engineering staff. Further developments are in progress but 
an actual implementation is unlikely to be completed due to conflicts between different 
research projects working in the same area of the building. 
The  next  section  describes  the  authorʼs  contribution  to  the  project  itself,  i.e.  the 
realization of an energy harvesting device for Wireless Sensor Network motes power 
supply.  
5.3.2.Energy harvesting system design 
The design of the indoor light energy harvesting device required the following design 
stages: 
•  PV  cells  comparison:  comparison  of  different  photovoltaic  modules, 
measurement of available light levels in the environment; 
•  Energy  management  module  benchmarking:  benchmarking  of  off-the-shelf 
available energy management microchips; 
•  Motes power consumption measurement and optimization: testing motes power 
consumption  with  different  duty  cycles.  If  necessary,  action  to  reduce  it and 
optimize duty cycles;  
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•  System test and optimization. 
5.3.2.1.Photovoltaic modules comparison 
Typical indoor light harvesting applications can exploit light levels ranging usually from 
200 to 1000 lux; the lighting system in Sutardja Dai Hall 4
th floor was well within these 
ranges. Furthermore, due to the presence of lighting control systems [21], the design of 
the  device  for  the  specific  application  required  a  worst  case  scenario  approach, 
assuming light levels to be often reduced by dimming. Some papers in literature show 
that solar cells efficiencies with weak lighting levels are much lower than the usual 
efficiencies measured in outdoor applications, usually lower than 10% [95]. As stated 
previously, the cells showing highest performances in low lights applications are the 
amorphous silicon ones (a-Si), as shown in Table 5.3 where a comparison is made with 
the crystalline silicon ones (c-Si) and Ga-As for indoor and outdoor light conditions [83]; 
the same source documents how crystalline cells performance decreases strongly with 
fluorescent indoor light, a behavior which is not shown by amorphous solar cells. 
 
  Indoor Light  Outdoor light 
Illuminance level [lux]  1-1000 lux  1000-65000 lux 
Solar  panel  energy 
conversion 
efficiency 
c-Si  3-8%  18% 
a-Si  2-5%  8-13% 
Ga-As  2-8%  7-15% 
 
Table 5.3 – Solar cells comparison [83] 
 
New  technologies  were  also  taken  into  consideration,  in  particular  DSSC  (Dye-
Sensitized Solar Cells), a low-cost solar cell belonging to the group of thin film solar 
cells,  very  promising  organic  photovoltaic  technology  invented  in  the  1990s.  Its 
performance,  especially  for  low-light  applications,  seems  to  be  very  high  (12.3% 
record),  especially  considering  the  fact  that  itʼs  still  at  an  early  stage  phase  of  its 
development  [96].  Different  solar  cells  samples  were  considered  for  the  specific 
application: results are reported in Table 5.4, comparing the different tested samples 
based on power output ad different light levels, size and overall operating efficiency. 
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Producer  Model  Type  Light level 
[lux] 
Operating 
Current [μA] 
Operating 
Voltage [V] 
Max Power 
Output [µW] 
Size 
[mm] 
Efficiency 
Sanyo  -  Amorphous 
200        80  68x26 
1.8% 
1000        350  1.6% 
Sanyo  AM 1815  Amorphous 
200  10  4.7  47 
50x50 
0.6% 
1000  300  4.7  1410  3.8% 
G24i 
Indy2050 
DSSC 
200  50  0.9  45 
36x50 
1.0% 
1000  220  1.0  216  1.0% 
Indy2100 
200  95  0.9  86 
36x100 
1.0% 
1000  470  1.0  475  1.1% 
Indy2200 
200  185  0.9  168 
36x200 
0.9% 
1000  940  1.2  1166  1.3% 
Indy3050 
200  50  1.4  68 
48.5x50 
1.1% 
1000  230  1.5  347  1.1% 
Indy3100 
200  97  0.1  13 
48.5x100 
1.1% 
1000  460  1.5  699  1.2% 
Indy3200 
200  190  1.4  257 
48.5x200 
1.1% 
1000  970  1.5  1474  1.2% 
Indy4050 
200  50  1.8  92 
61x50 
1.2% 
1000  230  2.0  467  1.2% 
Indy4100 
200  98  1.8  177 
61x100 
1.2% 
1000  475  2.0  960  1.3% 
Indy4200 
200  180  1.8  324 
61x200 
1.1% 
!"""# $%&# &'"# !$&(# 1.3% 
 
Table 5.4 – Different solar cells comparison for the application: efficiency is estimated by assuming 80 lm/W luminous efficacy of radiation for light sources 
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Specifications  of  the  purchased  samples  confirmed  the  good  performance  of 
amorphous solar cells at low light levels, especially with fluorescent light sources. This, 
together with their wider commercial availability, made the choice fall upon them for the 
present  application.  DSSC  technology,  anyway,  seems  extremely  promising  for  the 
future of energy harvesting. 
5.3.2.2.Energy management modules 
Literature  shows  how  a  central  part  in  energy  harvesting  oriented  design  is  the 
development  of  custom  energy  management  and  MPPT  systems  to  exploit  the 
maximum  available  power  for  particular  conditions  and  specific  applications.  In  the 
latest years, anyway, due to the growing diffusion of energy harvesting applications, 
companies  have  started  to  produce  general  purpose  modules,  able  to  optimize  the 
power output and energy management for the different energy harvesting sources. 
Among the companies providing these products, the choice fell upon Cymbet, providing 
two  evaluation  kits  (EVAL-09  and  EVAL-10)  to  test  different  energy  harvesting 
solutions and optimize them for the customersʼ specific requirements [97]. While the 
EVAL-09  product  gives  the  possibility  of  combining  different  energy  sources  (solar, 
thermal,  EM/RF,  vibration),  the  EVAL-10  is  specifically  designed  for  light  energy 
harvesting  application  and  it  comes  together  with  the  Sanyo  AM  1815  amorphous 
photovoltaic  module;  for  these  reasons  it  was  chosen  as  the  best  solution  for  the 
energy harvesting system design. Figure 5.16 depicts the Cymbet energy harvesting 
module together with the Sanyo solar cell selected for the application. 
 
Figure 5.16 – Cymbet EVAL-10 board with Sanyo 1815 amorphous photovoltaic module  
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The Cymbet energy management board has the following components and features: 
•  Energy harvesting circuitry that matches the impedance of photovoltaic cells to 
ensure maximum power transfer to system load and on-board energy storage 
devices; 
•  100 µAh solid state energy storage with thousands of charge-discharge cycles 
available; 
•  Integrated  battery  management  that  controls  battery  charging  and  discharge 
cutoff, ensuring maximum service life of on-board storage cells; 
•  Provision for additional energy storage (primary or rechargeable batteries) with 
switchover control circuit to meet application requirements; 
•  Regulated output voltage with user-configurable voltage settings; 
•  Input/output headers for connection to system components such as radios and 
microcontrollers. 
The  basic  functioning  principle  is  that,  depending  on  the  power  requirements,  the 
energy harvested from the PV cell can either directly power the application or charge 
the solid state energy storage on the board. The energy stored can be used when the 
application requires peaks of power which the PV module alone isnʼt able to supply, or 
when the indoor light source is not available (e.g. at night). 
5.3.2.3.Motes power consumption measurement and optimization 
The  main  issue  when  using  artificial  light  to  power  a  device  is  gaining  a  complete 
understanding of the power consumption of the device itself. Therefore, several tests 
have  been  performed  in  order  to  obtain  a  complete  breakdown  of  the  mote  power 
consumption. The Smart Lighting project deploys so-called TelosB motes, off-the-shelf 
available sensor platforms on which the research team installed custom made light 
sensors and programs written in TinyOS programming language. Table 5.5 reports the 
motes  power  consumption  at  the  initial  conditions,  i.e.  when  the  energy  harvesting 
project took off. The tests wanted to assess the power consumption of the motes with 
different programs installed, in order to identify the main actors causing high power 
consumption.  Different programs were tested for this specific purpose: 
•  “Blink”: a common program run on motes, setting the three LEDs to blink with 
different frequencies; 
•  “Smart  Lighting”  program:  the  code  actually  installed  on  the  TelosB  motes, 
written by the BEST Lab research team; 
“Test  LPL”  and  “Low  power  sensing  sampler”:  examples  of  low  power  applications 
coming with TinyOS installation package.  
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Table 5.5 – Motes power consumption tests 
 
The initial power consumption of the “Smart Lighting” program was, as shown in the 
table above, constantly over the 50 mW threshold, a value extremely high (by about 
three orders of magnitude) in comparison with the maximum power output from the AM 
1815 solar cell, able to generate about 500 µW in low-medium light conditions (400-500 
lux). Also, the power consumption was constant on that high value, not changing in 
accordance to the different phases of the program itself, thus making the realization of 
an energy harvesting solution absolutely unfeasible. 
The  emerged  goal  of  reducing  the  power  consumption  by  about  three  orders  of 
magnitude was approached by focusing on a power consumption analysis together 
with a breakdown study of the ten-minutes duty cycle and the TinyOS code behind it. 
When  running  the  “Smart  Lighting”  program,  the  elements  discovered  to  be  mostly 
responsible of the high power consumption were: 
•  the radio, which drained about 48 mW of power when on; 
•  the sensor, powered through the AVcc analog pin on the mote, which drained 
about 1.2 mW continuously. 
Switching off the radio and removing the sensor from the mote the power consumption 
dropped to about 25 µW, a level reasonably comparable to the solar cell output, this 
meaning that, when running the standard program on the motes, the radio and the 
sensors where never actually turned off.  
Understood this, in order to reduce the motes energy consumption over the duty cycle 
the two following actions were performed: 
•  the duty cycle was optimized: the radio was left on for a period of only 20 ms, 
the minimum required time to send the reading to the base station;  
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•  the sensor was modified in order to make it empowered by the GIO1 (General 
Input Output) pin instead of by the AVcc pin, which was not possible to be set 
high/low via TinyOS code. The GIO pins, being digital ports, are possible to be 
controlled via software, while the analog ones, such as the AVcc, are always 
supplying a voltage difference unless physical connections are unwired. 
The latter issues exemplifies how energy harvesting applications require careful system 
design  planning:  in  the  present  case,  being  energy  harvesting  not  taken  into 
consideration when designing the custom made sensor, the research team decided to 
power it through an analog pin, which is not possible to be switched on/off through 
changes in the code. In this case, through a re-soldering of the connection, it was 
possible to repair this and achieve further control on the mote power consumption. 
With these two actions and relative modifications to the “Smart Lighting” program code, 
the values shown in Table 5.6 were achieved for the energy consumption over the ten-
minutes duty cycle. 
 
Mode  Power  Time  Energy 
Sleep  20 µW  600 s  12 mJ 
Sensing/Transmitting  50 mW  20 ms  1 mJ 
TOTAL      13 mJ 
 
Table 5.6 – Motes energy consumption over a duty cycle after the optimization 
 
The energy required over the duty cycle was reduced by more than three orders of 
magnitude, from about 30 J/cycle prior to the optimization to 13 mJ/cycle. Supplying 
power to the motes was made possible through the energy harvesting evaluation kit, 
and the focus became then the design and optimization of the system itself. 
5.3.2.4.System test and design optimization 
As mentioned above, the energy harvesting system was designed and implemented 
using  the  energy  management  evaluation  kit  EVAL-10  provided  by  Cymbet.  Briefly 
recalling,  the  main  features  of  this  board  are  the  MPPT  (Maximum  Power  Point 
Tracking) system for the solar cell, output voltage regulation, energy management and 
possibility of adding external batteries to the system. 
On the energy management side, over a ten-minutes duty cycle the sleep power is 
normally  provided  directly  by  the  solar  cell,  while  the  energy  in  excess  is  used  to 
charge the 100 µAh battery chip on the board. The latter provides the energy required  
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when the radio is on, i.e. when the power is two orders of magnitude higher than the 
one provided by the solar cell.  
Some features have been added for optimization purposes during the test phase: 
•  A 1000 µF low-ESR capacitor in parallel on the EVAL-10 output in order to 
stabilize the motes voltage: every cycle this capacitor gets quickly charged by 
the EnerChip on the EVAL-10 board and, due to its low resistance, provides the 
necessary energy for one transmission, after which itʼs completely depleted and 
ready for another cycle. The presence of a capacitor in output is necessary to 
stabilize the otherwise high voltage drop created by the 20 ms current pulse 
generated by the power peak when the mote is sensing and transmitting. 
•  A LiR1220 8 mAh rechargeable battery added to the energy chip in order to 
store the energy in excess. 
 
 
 
Figure 5.17 – The energy harvesting system prototype in a picture and the circuit diagram  
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Figure 5.17 shows the final configuration of the energy harvesting system prototype as 
it  is  now  installed  in  Sutardja  Dai  Hall  4
th  floor:  from  left  to  right,  itʼs  possible  to 
distinguish  the  AM  1815  solar  cells,  the  Cymbet  energy  management  module,  the 
TelosB mote with the modified sensor platform plugged in and the capacitor connected 
on the output. The circuit diagram illustrates the different components connections. 
5.3.3.Test results, conclusions and future developments 
This last paragraph reports the main results of the tests performed during the device 
design and development; finally, it summarizes the main achievements of the project, 
together with an overview of its possible future developments. 
5.3.3.1.Test results 
In order to optimize the device design with the different solutions described above, 
continuous  testing  was  done  on  the  device  by  exposing  it  to  different  light  levels 
conditions, both indoor and outdoor, and different duty cycles of the program. In all the 
tests  the  light  level  was  continuously  monitored  by  the  usage  of  another  battery 
powered  mote  with  a  calibrated  light  sensor  plugged  in.  The  most  significant  tests 
performed are summarized in Table 5.7, which refers to the graphs in the following 
pages: the system was first tested close to the window, i.e. in outdoor light conditions, 
and then transferred indoor for the final optimization, where it is still deployed at the 
moment of writing. The sensor was installed only after the board modification which 
allowed to turn it on and off through the program, controlling its power consumption. 
 
# 
Outdoor/ 
Indoor 
Time 
Radio on 
Sensor 
installed? 
Output 
Capacitor 
Figure 
1  Outdoor  1 s  No  No  5.18 
2  Outdoor  20 ms  No  No  5.19 
3  Outdoor  20 ms  No  High ESR  5.20 
4  Outdoor  20 ms  No  Low ESR  5.21 
5  Outdoor  20 ms  Yes  Low ESR  5.22 
6  Indoor  20 ms  Yes  Low ESR  5.23 
 
Table 5.7 – Summary of the most significant test performed 
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Figure 5.18 
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Figure 5.19 
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Figure 5.20 
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Figure 5.21
1,8 
1,9 
2 
2,1 
2,2 
2,3 
2,4 
2,5 
2,6 
0,00 
500,00 
1000,00 
1500,00 
2000,00 
2500,00 
3000,00 
3500,00 
4000,00 
4500,00 
5000,00 
0
7
.
3
7
.
0
7
 
0
8
.
1
7
.
0
7
 
0
8
.
3
7
.
0
7
 
0
9
.
0
7
.
0
7
 
0
9
.
2
7
.
0
7
 
0
9
.
4
7
.
0
7
 
1
0
.
1
7
.
0
7
 
1
0
.
4
7
.
0
6
 
1
1
.
0
7
.
0
6
 
1
1
.
2
7
.
0
6
 
1
1
.
4
7
.
0
6
 
1
2
.
0
7
.
0
6
 
1
2
.
2
7
.
0
6
 
1
2
.
4
7
.
0
6
 
1
3
.
0
7
.
0
6
 
1
3
.
2
7
.
0
6
 
1
3
.
4
7
.
0
6
 
1
4
.
0
7
.
0
6
 
1
4
.
2
7
.
0
6
 
1
4
.
4
7
.
0
6
 
1
5
.
2
7
.
0
6
 
1
5
.
4
7
.
0
6
 
1
6
.
0
7
.
0
6
 
1
6
.
2
7
.
0
6
 
1
6
.
4
7
.
0
6
 
1
7
.
0
7
.
0
6
 
1
7
.
2
7
.
0
6
 
1
7
.
4
7
.
0
6
 
1
8
.
1
7
.
0
6
 
1
8
.
4
7
.
0
6
 
1
9
.
0
7
.
0
6
 
1
9
.
2
7
.
0
6
 
1
9
.
4
7
.
0
6
 
2
0
.
0
7
.
0
6
 
2
0
.
2
7
.
0
6
 
2
0
.
4
7
.
0
6
 
2
1
.
1
7
.
0
6
 
2
1
.
3
7
.
0
6
 
2
1
.
5
7
.
0
6
 
2
2
.
1
7
.
0
6
 
2
2
.
4
7
.
0
6
 
2
3
.
0
7
.
0
6
 
2
3
.
2
7
.
0
6
 
2
3
.
4
7
.
0
6
 
0
0
.
1
7
.
0
6
 
V   Lux 
Time of the day 
Light level 
Mote internal voltage  
167 
 
Figure 5.22 
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Figure 5.23
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The presented list of figures, as described in Table 5.7, represents particular stages of 
the device design and the results achieved at each different step by comparing the 
mote internal voltage with the light level it is exposed to, the latter measured with a 
calibrated battery-powered light sensor. 
•  Figure 5.18: the “Smart Lighting” program is running on the mote, with the radio 
on  for  1  second.  The  mote  is  placed  close  to  the  window,  in  outdoor  light 
conditions, to ensure good light energy availability, and no capacitor is present 
on  the  output  of  the  EVAL-10  energy  management  chip.  The  high  level  of 
power  drained  by  the  radio  causes  the  mote  to  quickly  deplete  the  stored 
energy, causing voltage instability and frequent losses of data. The light sensor 
isnʼt  plugged-in  due  to  the  high  power  consumption  associated  with  the 
connection to the AVcc pin for power supply; 
•  Figure 5.19: The duty cycle is changed by reducing to 20ms the time given to 
the radio for data transmittance. Energy balance of the system is improved but 
consistent internal voltage drop is measured. High peak of current demand is 
assessed to cause voltage instability; 
•  Figure 5.20: A 1000µF supercapacitor is wired in parallel on the output ports of 
the EVAL-10 energy management module. No substantial increase of the mote 
internal voltage stability is measured. Cause is identified to be the High internal 
resistance (ESR) of the installed supercapacitor; 
•  Figure 5.21: The supercapacitor is replaced by another component with the 
same capacity but a lower ESR. As evident in the graph, after the installation at 
13:27 there is a substantial improvement in the mote internal voltage stability. 
Loss of data is still frequent; 
•  Figure 5.22: The mote is re-soldered in order to use the GIO1 pin instead of the 
analog AVcc pin for sensor power supply, thus allowing the actual sensing of 
the  mote.  Optimization  of  the  duty  cycle  avoids  loss  of  data,  and  energy 
balance permits sensing at night time; 
•  Figure 5.23:  The  sensor  is  placed  under  indoor  light  levels  for  final  testing, 
showing a stable sensing behavior and long lasting performance. 
5.3.3.2.Conclusions and future developments 
The several tests performed with the energy harvesting system supplying power to the 
mote while being exposed to different light levels, both in indoor and outdoor conditions, 
demonstrate important achievements of the project: 
•  Voltage stability in output;  
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•  System reliability for the measurement process. 
Under the energy point of view, assuming a ten-minutes duty cycle, and 8 hours daily 
availability of light with an average level of 400-500 lux (corresponding to about 500 
µW for the AM 1815 module), the total energy available is: 
!!"!#$!%$& ! !""!!! ! !!! ! !"!!!!  
In the same amount of time, the total energy consumed by the mote is: 
!!"#$%&'( ! !!"##$ ! !!"#$%& ! !"!!"!!"!#$ ! !"!!"!!"# ! !!!"#!! 
This means that the amount of energy stored in excess during this 8 hours period adds 
up to about 13.8 J, energy that can be stored in the 100 µAh (0.9 J at 2.5 V) on-board 
storage and in the 8 mAh (72 J at 2.5 V) rechargeable battery connected to the EVAL-
10 board. Itʼs easy to calculate that with these amounts of energy the mote can work 
for up to more than 1000 cycles in total darkness, which corresponds theoretically to 
one week of operation. This has three main consequences: 
•  Results are in line or better than what have been published by researchers; the 
results is remarkable especially because it has been obtained through usage of 
only off-the-shelf components and a relatively simple optimization work; 
•  Harvesting indoor light energy in the framework of a daylight harvesting project 
could  appear  as  a  paradoxical  concept,  since  dimming  the  light  means 
weakening  the  source  to  be  harvested.  The  large  excess  of  energy  stored 
seems to solve this issue, which was taken into consideration with a “worst 
case scenario” design approach; 
•  Although  not  fundamental  for  a  lighting  control  application,  this  also 
demonstrates  how  the  energy  harvesting  system  could  be  suitable  in 
applications where other sensors are plugged onto the mote. 
The most important future developments may involve the design of a package similar 
to the one realized by the Tyndall research group, partner of the project, and then 
deployment of the system on a larger scale. 
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